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NOTE

This report was prepared by Eastem Research Group, Inc., an EPA contractor, as a general record of
discussion during the expert panel meeting. As requested by EPA, this report captures the main points of
scheduled presentations, highlights from the panel discussian, and a summary of comments offered by
observers attending the workshop; the report is not a complete record of all details discussed, nor does it
embellish, interpret, or enlarge upon matters that were incomplete or unclear. This report will be used by
EPA as a basis for additional study and work on a new drinking water standard for arsenic. Except as

specifically noted, none of the statements in this report represent analyses or positions of EPA.
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. EXPERT PANEL MEMBERS

R. Julian Preston, Chair

Dr. Preston is the Senior Scientific Advisor for the Chemical Industry Institute of Toxicology and an
Adjunct Professor in the Department of Toxicology at North Carolina State University and Duke University.
He received his B.A. with honors in genetics and a Ph.D. in radiation biclegy. He is an internaticnally
known geneticist with expertise in mutagenesis, particularly cytogenetic defects, and has applied this
knowledge to cancer risk assessment. Dr. Preston is 2 member of several professional societies,
including the Environmental Mutagen Society, the American Society of Human Genetics, and the
American Association for Cancer Research. Specific to this task, Dr. Preston has expertise in DNA repair
and mutagenesis, cancer mechanisms and molecular pathology, and the modeling of biological processes
associated with cancer and risk assessment. He is the author of more than 120 publications covering the

several areas of his research interests.

H. Vasken Aposhian
Dr. Aposhian is a Professor of Pharmacology and Molecular and Cell Biology at the University of Arizona.
He received his B.S. from Brown University and his M.S. and Ph.D. from the University of Rochester. He
has over 40 years of experience in toxicology, molecular biology, and pharmacology. His research
interests include the mechanisms of arsenic detoxification and intoxication; metal toxicity and the
mechanisms of intoxication of lead, mercury, arsenic, and manganese; and DNA and gene delivery
systems for mammalian cells and intact animals. He is a member of numerous professional saocieties and
has published hundreds of papers and abstracts. Specific to this task, Dr. Aposhian has conducted
numerous studies on the enzymatic methylation of arsenic. He has a high level of expertise in DNA repair
and mutagenesis, DNA methylation and gene regulation, arsenic metabolism, and arsenic-induced
carcinogenicity. He is a member of the National Research Council's Subcommittee on Arsenic in Drinking
Water.



Samuel M. Cohen .
Dr. Cohen is Professor and Chairman of the Department of Pathology and Microbiology at the University
of Nebraska Medical Center. He is also a Professor at the Eppley Institute for Research in Cancer at the
Nebraska Medical Center. He received his B.S. in medical science and his M.D. and Ph.D. in oncology
from the University of Wisconsin, Madison. Dr. Cchen has received numerous honors and served on the
National Research Council's Committee on Comparative Toxicity of naturally occurring carcinogens. Dr.
Cohen has extensive experience in conduction research on mechanisms of chemical carcinogenesis,
using primarily the urinary bladder as a model system. He has published abstracts, papers, and bocks on
carcinogenesis, risk assessment, and pathology. Specific to this task, Dr. Cohen provides a high level of
expertise in cancer mechanisms and molecular pathology, as well as modeling of biological processes

associated with cancer, cancer risk assessment, and arsenic-induced carcinogenicity.

Jean-Pierre Issa

Dr. Issa is an Assistant Professor of Oncology at The Johns Hopkins Oncology Center, in the Tumor
Biology Division. He has conducted extensive research on DNA methylation, DNA methyltransferase,
regulation of gene expression, and inactivation of tumor-suppressor genes in human cancers. Recently,
Dr. Issa has been involved in several studies linking exposure to carcinogens with aberrant DNA
methylation in cancer. He has published numerous papers on this topic. Specific to this task, Dr. Issa
provides a high level of expertise in DNA methylation, gene regulation, and general molecular

mechanisms underlying the development of cancer.

Andres Klein-Szanto
Dr. Klein-Szanto is a Senior Pathologist and the Head of the Experimental Histopathology Department at

the Fox Chase Cancer Center. He is also an Adjunct Professor in the Department of Pathology and Cell
Biology at Jefferson Medical College, Thomas Jefferson University. He eamed his medical degree from
the University of Buenos Aires. Previous to his current positions, Dr. Klein-Szanto was a Professor at the
University of Texas System M.D. Anderson Cancer Center and at the University of Texas Graduate
School of Biomedical Sciences. He serves on numerous national and international committees focusing
on carcinogenesis, tumor promotion, pathobiolegy, molecular carcinogenesis, and mechanisms of toxicity.
Specific to this task, Dr. Klein-Szanto provides a high level of expertise in cancer mechanisms and

molecular pathology, as well as modeling of biclogical processes associated with cancer.

Colin Park
Dr. Park received a B.Sc. in mathematics from the University of British Columbia and an M.S. and a Ph.D.

in applied statistics from Purdue University. Dr. Park has held several positions at Dow Chemical,
including Manager and Associate Scientist in the Research Systems and Statistics Division and Manager

of the Issues Management and Biostatistics Department. He is active in the Chemical Manufacturing
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Asscciation (CMA) Risk Assessment Work Group. He is also a member of the Risk Assessment
Subcommittee of the American Industrial Health Council and has been on the Science Advisory Board of
the National Center for Toxicological Research. He has authored many papers, including "Biological
Assumptions in the Bicassay of Carcinogenicity,” "Mathematical Modéls in Quantitative Assessment of
Carcinogenic Risk," and "Development of a Physiologically-Based Pharmacokinetics Model for Risk
Assessment with 1,4-Dioxane.” Dr. Park has a high level of expertise in biostatistics, cancer risk

assessment, and risk management policy for carcinogens.

Toby Rossman

Dr. Rossman is a Professor at New York University Medical Center in the Department of Environmental
Medicine and Director of the Molecular and Genetic Toxicology program. She holds degrees in biology,
biochemistry, and microbiology, and her main research expertise is genetic toxicology, especially of heavy
metals and arsenic. Dr. Rossman was responsible for research demonstrating that arsenic interferes with
DNA repair, and her research also provided early evidence that arsenic can potentiate the mutagenic
effects of other mutagenic agents. Specific to this task, Dr. Rossman has high levels of expertise in DNA
repair and mutagenesis, DNA methylation and gene regulation, cancer mechanisms, and molecular
pathology. Recent work on arsenic toxicology in Dr. Rossman's laboratory includes the demonstration of

an arsenite efflux pump and the cloning of two genes that confer arsenite resistance.



ll. INTRODUCTION

Although arsenic is classified as a human carcinogen by the U.S. Environmental Protection
Agency (EPA) and the International Agency for Research on Cancer (IARC), millions of people in the
United States are exposed to this chemical through their drinking water. In 1988, the EPA performed a
risk assessment for arsenic based on epidemiological data from a Taiwanese population. For many
reasons, however—including the fact that exposures in Taiwan were up to 100-fold higher than those
commonly occurring in drinking water in the United States—there is a high degree of uncertainty

associated with the 1988 dose-response assessment.

Under a mandate contained in the Safe Drinking Water Act Amendments of 1996, EPA is required
to propose a new drinking water standard for arsenic by the year 2000, and the Agency is committed to
using all relevant data to help establish this new standard. Since the 1988 assessment, there has been
considerab’le activity on the effects of arsenic and its metabolites. Recognizing that some of this
information may be relevant to the mode of action of arsenic in inducing cancer, the Agency assembled a
panel of seven experts to consider the current state of knowledge about arsenic-induced carcinogenicity,
which met in Washington, D.C., on Wednesday and Thursday, May 21 and 22, 1997. Representatives of
industry, academia, EPA, and other interested federal agencies attended the meeting as observers (see
Appendix A). The meeting was chaired by Dr. Julian Preston of the Chemical Industry Institute of
Toxicology in Research Triangle Park, North Carolina. '

In its charge to the panel, EPA asked this group of experts for their opinions on whether the body
of available data regarding arsenic’s mode of action is sufficient to support the adoption of one response
model (i.e., linear versus nonlinear) over the other in extrapolating from the relatively high levels of arsenic
exposure in the Taiwanese population to the lower exposure levels the Agency will be addressing in the
new drinking water standard. Toward this end, and in the context of the Agency's 1986 Proposed
Guidelines for Carcinogenicity Risk Assessment (U.S. EPA, 1996), EPA specifically requested the panel

to:

. Examine data on the direct and indirect effects of arsenic and its metabolites on DNA, DNA
repair, DNA methylation and regulation, mutagenesis and carcinogenicity;

. Comment on the potential mechanisms and mode of arsenic-induced carcinogenesis,
including whether there is clear evidence for 2 mode of action for arsenic-induced
carcinogenicity and, if there is not, what the weight of evidence is favoring one mode of action

over others.

. Comment on how much, if any, confidence EPA can place in any particular mode of action.



. Give a weight of evidence supporting the use of a linear or nonlinear response model in
extrapolating to low-dose arsenic exposures.

As a record of its deliberations, the Agency requested the expert panel to produce a report summarizing
its review of the relevant data and describing the consensus or lack of consensus among panel members
regarding its conclusions. In addition, the panel was requested to capture in its report the reasoning used
in adopting these conclusions.



lll. PRESENTATIONS

To begin the meeting, Dr. Preston asked panel members to introduce themselves and to provide a
brief description of how their individual areas of expertise relate to the issues to be addressed at the
expert panel meeting. Following these introductions, the panel heard several presentations from EPA

designed to establish a context for the panel's discussion. Brief summaries of these presentations are

provided below.

Proposed 1996 Safe Drinking Water Act Charge on Arsenic
Mr. James Taft, EPA Office of Water

Mr. Taft began by noting that the purpose of his presentation was to give the panel a sense of the
complex regulatory history of arsenic. In 1976, the interim primary drinking water regulation for arsenic
was established as 50 ug/L, based on a standard originally developed by the U.S. Public Health Service in
the 1940s. In 1980, however, the surface water quality criterion for arsenic was set at 0.018 ug/L,
initiating what is now a long-standing disparity between the regulatory limits for arsenic in drinking water
and in surface water discharge. The controversy intensified in 1986, when the 50 ng/L level was adopted

as a national primary drinking water standard for arsenic.

In the wake of these events, a group of environmental organizations known as the Bull Run
Environmental Coalition brought suit against EPA. In the settlement eventually negotiated, EPA agreed to
propose a new primary drinking water regulation in 1892 and to finalize this regulation by 1994. For a
variety of reasons, the Agency did not meet this deadline, nor was it able to meet a subsequently
negotiated target of 1994 for the proposed regulation. Arsenic has, however, been the subject of a series

of workshops and other information-gathering activities sponsored by EPA over the past 2 years.

Last August, Congress passed the Safe Drinking Water Act Amendments of 1986, which included
very specific requirements for arsenic. In the 1996 Amendments, EPA was directed to devise a program
of research that would fill critical gaps in the current understanding of the heaith risks associated with
exposure to low levels of arsenic. Although funding falls short of the authorized level of $2.5 million, EPA
has received a $1 million appropriation for use in supporting this research. Based on the resuits of this
research effort, which will be conducted wherever possible through cooperative agreements with existing
public and private groups, EPA is mandated by the 1996 Amendments to propose a new national drinking

water standard for arsenic by January 1, 2000, and to have a final regulation in place by January 1, 2001.
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 Figure 1.

In view of the long lead-time required to plan, conduct, and analyze the results of such an ambitious
research program, EPA has opted to base the proposed regulation on information that is already available
in the published literature and in studies that are currently under way. Since the 1996 Amendments also
require the Agency to revisit drinking water standards every 6 years, there will be ample opportunity for

EPA to reevaluate this standard as the results of longer-term research become available.

Figure 1 is a schematic representation of the Research Plan the Agency has developed to address
scientific uncertainties about the health effects of arsenic. In addition to the usual channels for funding
baoth intemal and external research, EPA has entered into a joint funding agreement with the American
Waterworks Association and the Asscciation of California Water Agencies. A request for applications
(RFA) has been issued, and research under this jointly funded program is expected to begin in August
1997. Other activities that are expected to contribute to improved characterization of the human health
risks associated with low-level exposure to arsenic include several programs of intemnational research,
evaluations of the existing data being conducted by this panel and by the National Academy of Sciences
(NAS), and a process that is currently under way to revise the methodology EPA uses to establish
Maximum Contaminant Level Goals (MCLG).
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EPA’s approach to addressing scientific uncertainties about the health effects of arsenic



The Agency's schedule for completion of the various activities that are being undertaken in response
to the arsenic mandate is summarized in Figure 2. Because both the writing and review of a new rule are
time~consuming processes, the required information will need to be in place well in advance of the
statutory deadline. Between now and the beginning of 1988, however, the Agency has scheduled many
opportunities for input from the full range of stakeholders likely to be affected by the new regulation.

Major Arsenic Tasks
NAS NAS
4/97 3/98
IRIS RIS
. 5/97 *8/9
Joint RFA RFA RFA Small © Initial RFA
lanning  3/97 $8/9 govt input results 8/99

<t

| 1 1/
J | 77

SDWA DrAs Final  Stakeholder Regulation Proposed Final

Research ARP  meetings writing Rule Rule
Plan

8]96 2/97  summer summer/fall 1997 1/99 1/1/00 1/1/01

Figure 2. Schedule for completing arsenic-related activities in response to the Safe Drinking
Water Act Amendments of 1996 '

To give the panel a clearer sense of how their contributions to an improved characterization of risk will
fit into the broader rulemaking process, Mr. Taft presented the schematic diagram reproduced as Figure 3.
in addition to the risk characterization being developed with the help of this panel and other experts in

arsenic toxicology, writers of the proposed regulation will be guided by a number of considerations,

including:

. The sufficiency of analytic metheds currently available for arsenic, including their cost.

. The sufficiency of existing treatment technolegies, including their availability at the small systems
level.



. The relationship between the proposed standard and the range of arsenic concentrations
occurring in different drinking water sources.

. The costs and benefits associated with the proposed regulation.

. Methcds for implementing the new arsenic standard.

Regulatory Planning

Stakeholder |
Input
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» Regulation writing |

» Januany-November 1999
Technologies™)
Qccurrence;
Cost/benefit -

90-day review

Y
OMB Review

Sept-Dec. 1993

I

- 4
mplementation ; Proposed Rule
Jan 1, 2000

May 21, 1857
Figure 3. Risk characterization as one of several key factors that will inform the rulemaking
process for arsenic

As in the risk characterization process, stakeholder input will be solicited in each of these other areas
throughout the rulemaking process. Once a new regulation is drafted, it will be sent to the Office of
Management and Budget (OMB) for administrative review before being formally proposed on January 1,
2000. Having established a framework within which many of these activities can proceed in parallel, the

Agency believes that the statutory deadline is a challenging but rezlistic one.



Introduction, Background, and Charge to Panel
Dr. Jeanette Wiltse, EPA Office of Water

Dr. Wiltse began her presentation by comparing the risk assessment process to that invoived in
assembling a jigsaw puzzle. Because risk assessors never have all the information they would like to
have, their task always involves trying to assemble the puzzle despite knowing that some of the pieces are
missing. It is important, therefore, to squeeze as much information as possible out of the pieces that are
available, including any inferences that can be drawn about the shape of missing pieces. Thus, by taking
in this panel's description of one piece of the arsenic puzzle and the NAS panel's description of another,
EPA hopes to gradually get a sense of how these and other pieces of the puzzle fit together and what the

finished picture might look like.

In the case of arsenic in drinking water, EPA's review of the data began with a relatively clear
understanding that arsenic acts a human carcinogen in the setting of inhalation exposure. Epidemioclogic
studies have also shown that exposure to arsenic via drinking water is a hazard, but the exposure levels in
these studies are much higher than those likely to be encountered in U.S. drinking water supplies. The
problem that EPA faces, therefore, is how to use the available data to assess and ultimately to manage
the risks associated with exposures significantly lower than those at which health effects have been
observed. Although Agency scientists are fairly confident that the upper limit of exposure should be lower
than the 50 ng/L established on the basis of the old Public Health Service standard, they are less

confident about precisely where this limit should be.

Another driving force behind the arsenic effort is the Agency's desire to update the information
contained in the Integrated Risk Information System (IRIS) database, which is widely used by EPA, by
regional EPA offices, and by state and local entities charged with implementing site-specific risk
assessment and risk management efforts. In particular, the Agency would like to update the IRIS

database to reflect recent advances in the understanding of mechanisms of carcinogenicity.

In convening this panel of experts to share their knowledge of the mode of action of arsenic as a
human carcinogen, EPA hoped to forward both of these goals. In particular, the Agency is interested in

the experts’ views regarding three critical issues:

. What inferences can be drawn from the existing data related to the mode of arsenic
carcincgenesis, and with what level of confidence? :

. Are there specific modes of action that can be ruled out for arsenic, and with what level of
confidence?

10



. What are the missing pieces in the arsenic puzz!e and what research is needed to fill these
critical information gaps?

Answers to these key questions, in turn, will help the Agency in its efforts to determine which method
of extrapolation is most appropriate for estimating the risks associated with exposure to arsenic at the low
end of the dosage range. As stated in the 1986 Proposed Guidelines for Carcinogen Risk Assessment,
the Agency's overriding preference is to use a biologically-based or case-specific model for extrapolations
outside the observed range of dose-response data (U.S. EPA, 1996; Wiltse and Dellarco, 1996). When
no biologically-based or case-specific model is available, however, the default procedure is to use a curve-
fitting model. The criteria outlined in the Proposed Guidelines for choosing an appropriate curve-fitting
model are summarized in Figure 4. In general, EPA proposes the use of a linear default when information

“about a carcinogen's made of action either supports linearity or fails to support nonlinearity in the dose-
response relationship. If there is evidence to support a nonlinear dose-response relationship, however, a
more complex analysis is proposed; the goal of this effort, known as a margin of exposure analysis, is to
provide the risk manager with as much information as possible about the risk reduction likely to be
associated with each incremental reduction in the exposure limit. When mode of action information
indicates that the dose-response is likely to involve both linear and nenlinear compenents, the proposed
default is to present both the linear and margin of exposure analyses. An important goal of the workshop,
therefore, will be to obtain guidance as to which of the models described in the Proposed Guidelines

seems most appropriate given the current understanding of arsenic's carcinogenic mode of action.

17970 Federal Register / Vol. 61, No. 79 / Tuesday, April 23, 1996 / Notices
Data to Support: I
Biologically yes no no no no

Based -or Case-
Specific Model

Linearity yes no yes no

Noniinearity no yes yes no

defauli | defaulttinear | default-

Extrapolation Used: ine nonlinear | and nonlinear linear

Figure 4. Decisions on dose-response assessment approaches for the range of extrapolation
(U.S. EPA, 1996)
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Summary of Pre-Meeting Comments

Dr. Julian Prestan, Chair, Expert Panel on Arsenic Carcinogenicity

Prior to the workshop, each member of the expert panel was given published and in- press articles on.
the biological and biochemical effects of arsenic (Appendix B). To give the group a common starting point
for the ensuing discussion, Dr. Preston offered a brief summary of the pre-meeting comments submitted
by individual panel members. The panelists’ pre-meeting comments are reproduced in their entirety as

Appendix C.

Dr. Preston began his overview by commenting on the distinction between mechanism and mode of
action, which was reflected throughout the pre-meeting comments. Although it would clearly be desirable
to have information about the specific mechanism through which exposure to arsenic leads to the
development of a tumor, the fact is that this sort of mechanistic understanding remains elusive for most
chemicals and most tumor types. ltis often possible, however, to form meaningful conclusions about a
chemical's mode of action, which is a much more general description of its effect on cne or more biological
processes. These conclusions, in turn, can often be used to predict the general shape of the dose-

fesponse curve.

Also, Dr. Preston reminded the panel that one of the stated aims of the workshop is to identify ways of
reducing uncertainty in the arsenic risk assessment. Toward this end, he suggested that it might be
particularly useful to EPA for the panel as a group to discuss suggestions raised in the pre-meeting
comments of ways the Agency might go about addressing existing areas of uncertainty.

Focusing first on comments related to hazard identification, Dr. Preston noted that there seemed to be
a consensus among panelists that arsenic does act as a human carcinogen, particularly in the setting of
skin tumors. Although tumors of the urinary bladder, liver, kidney, and colon have also been reported, the
rale of arsenic as a carcinogen is more controversial for these other sites. Resolving the issue of single-
or multi-site carcinogenicity could be useful, Dr. Preston suggested, since this distinction might suggest

something about arsenic’s mechanism of carcinogenicity (e.g., whether or not the mechanism involves

some sort of mutagenic action).

One factor that panelists felt complicates the issue is that there is at present no good animal model for
arsenic carcinogenicity. Although rodent studies have suggested that arsenic or one of its metabolites
may act as a co-carcinogen, arsenic alone has not been demonstrated to cause tumors in any animal
system. Because of this, animal data are of little value in efforts to extrapolate. from high- to low-dose
arsenic exposures, and there is considerable need for a marker that could be used to predict the likelihood

of cancer based on something that can be observed at lower doses. Although arsenic-induced tumors
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themselves can and should be studied, it would be extremely useful to identify some sort of molecular

signature or other surrogate marker that could be used to study earlier stages in the carcinogenic process.

Tumning to comments more specifically related to the shape of the dose-response curve, Dr. Preston
first described those factors that panelists identified as confounding the dosage side of the equation. It
remains unclear, for example, which of the various species of arsenic (i.e., arsenite, arsenate, or the
methylated metabolites) should be considered the "bad actor” in the tumor production process. If it is one
of the metabolites, moreover, interspecies differences in arsenic metabolism would further complicate the
extrapolation from animal to human health effects. For these reasons and others, Dr. Preston suggested

that the issue of what constitutes dose would be an important part of the panel's discussion.

The panel also would need to consider the fairly broad range of responses that have been reported
following exposure to arsenic. In addition to determining which of these are and are not relevant to the
issue of carcinogenicity, it might be possible to draw inferences about arsenic's mode of action from the
types of responses that have and have not been observed. For example, the fact that arsenic does not
seem to produce point mutations in standard bioassays might suggest that a particular mode of actionis
oris not at play. Other responses to arsenic that might similarly point to a particular mede of action
include the reported occurrence of chromosomal aberrations and sister chromatid exchanges, alterations

in the methylation of genes and gene regions, and effects on DNA repair.

These various modes of action, in turn, might be useful in establishing the general shape of the dose-
response curve. Point mutations, for example, are usually associated with a linear dose-response, while
chromosomal aberrations, which require at least two lesions, are usually nonlinear. Changes in DNA
methylation could produce & linear or nonlinear response, depending on the level at which it occurred;
similarly, effects on DNA repair could produce either type of dose-response curve, depending on whether

these effects occurred via a direct or indirect mechanism.

Based on its consideration of the various dose and response issues, the panel QJould by the end of the
meeting attempt to come to some conclusion regarding the mest feasible mode of carcinogenicity for
arsenic, identifying not only those modes of action that seem most likely to be operating, but also those
that can likely be ruled out. Among the candidate modes of action identified in the pre-meeting comments,
Dr. Preston listed oxygen radical/stress response, effects on DNA repair, and effects on methylation.

After considering the strength of the experimental evidence for these and other possible modes of action,
the group's final task would be to determine whether the conclusions they had reached could or could not

be used to support specific inferences about the shape of the dose-response curve.
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Fundamentals of Carcinogenesis

Dr. Samuel Cohen, Member of Expert Panel

Dr. Cohen began by noting that the purpose of his presentation was to provide a brief overview of the
general mechanisms of carcinogenesis as they are currently understood. In using a bioassay to study the
carcinogenic effects of any chemical, two basic assumptions usually come into play: that the effects
observed at high doses will also occur at low doses, and that chemicals that cause cancer in rodents will
also cause cancer in humans. In the case of arsenic, however, there is no good animal model. As a
result, the questions that have to be addressed all involve the relatibnship between the high doses at
which human health effects have been observed and the lower doses that are typically encountered in

drinking water.

To begin formulating hypotheses about a chemical's mode of action, it is useful to consider what we
know about cancer itself. It is clear, for example, that genetic alterations are required for cancer to occur,
and it is also well established that more than one genetic alteration is required. It makes no difference
whether the tumor is caused by direct genetic inheritance or by some indirect insult, nor does it matter
whether the tumor occurs in a human or in a laboratory animal; all tumors have in common the presence

of two or more transmissible genetic alterations.

In addition, it has been known almost since the time DNA was first discovered that replication of the
genetic material does not occur with 100 percent fidelity. Although rare, occurring at a rate of
approximately one per every 10 billion nucleotides per replication, mistakes do occur. Since the total size
of the human genome is estimated at 1 billion nuclectides, it is possible for an error-free replication to
occur. In practice, however, errors occur with some regularity. Once described as “spentaneous errors,”
these anomalies are now known to result from a range of different mechanisms, including replication
errors {mismatch repair), oxidative dafnage, depurination/depyrimidination, deamination, inappropriate
alkylation, nitric oxide, exocyclic adducts, and others. These errors are almost always completely

repaired; it is only when they are not repaired that a permanent mistake in the DNA occurs.

To increase the likelihood of developing cancer, a chemical can act in one of two-ways: it can either
damage DNA directly (as occurs in adduct formation or following exposure to radiation), or it can cause an
increase in the number of cell divisions in the target cell population. In the case of arsenic, the latter effect
appears to be most important; although there is little reason to believe that arsenic is active in directly
damaging DNA, there is considerable evidence to suggest that arsenic causes an increase in the number
of cell divisions occurring in certain tissues. It is this increase in cellular proliferation that indirectly leads

to replication errors and ultimately to the development of cancer.
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For the rate of cellular proliferation to increase, there must be an increase in the number of cell births,
a decrease in the number of cell deaths, or both. A chemical can increase the number of cell births either
by acting as a direct mitogen, as hormones and growth factors do, or by triggering a toxic response that is
followed by regeneration, as most other types of chemicals do. To decrease the number of cell deaths, a

chemical can either inhibit apoptosis, or it can inhibit the process of cellular differentiation.

The precise mechanism by which arsenic increases cellular proliferation is not known; certainly there
is evidence that arsenic is toxic to some types of cells, and the hyperkeratosis that often precedes the
development of skin tumors appears to involve a partial blocking of normal differentiation mechanisms.
The effect of all of these changes, however, is to increase the overall number of DNA replications in

arsenic-exposed cells, which also increases the likelihood of replication errors.

Tumning to the various models that have been developed to explain the multistage process of
carcinogenesis, Dr. Cohen first described the initiation/promotion model summarized in Figure 5. In this
model, which was developed to explain the results of a series of experiments in mice, one substance acts
as an initiator of the carcinogenic process, and another acts as a promoter. For a tumor to occur, cells
must be exposed first to the initiator and then to the promoter. Exposure to either substance alone fails to
generate tumors, as does exposure to the promoter before the initiator. Tumors form even if there is a
substantial time gap between exposure to the initiator and exposure to the promoter, as long as exposure

to the initiator occurs first and exposure to the promoter is not fractionated beyond some threshold value.

' T No Tumors
2) NSNS RS R R RS R RS AR RASRE! No Tumors
3) " I ARSESEREERRIEREERANEERERERREER Maﬂy Tumors

4} BERARLAIEAARIRARRRRRARLERALARES IS No Tumots

5) ‘r//—rrrr‘ﬁ YT T — Man y Tumaors

§) T[T P fr e e e e No Tumors

Symbols: Trime-—-»
initiator  Promoter

Figure 5. Initiation/promotion multistage model of carcinogenesis

I
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Although the initiation/promotion model has been very useful in distinguishing between chemicals that
interact directly with DNA, producing a defect in genetic memory, and those that exert their effects less
directly, through nonmemory processes, its account of the process of carcinogenesis is overly simplistic.
With the advent of longer-term bioassays, for example, it has become clear that administration of a
promoter alone can cause a tumor to develop. Also, tumor incidence has now been shown to increase
even when a promoter is administered before an initiator. Another problem with the initiation/promotion
model is the notion of an initiator being a subcarcinogenic dose of a carcinogen, which raises the

possibility of a threshold for genotoxicity.

A second multistage model for cancer, the Armitage-Doll model, is summarized by the equation in
Figure 6. This model was developed to explain the tendency for tumor incidence to increase exponentially
with age, which had been noted in human epidemiologic studies of lung, prostate, colon, and skin cancer.
Where such an exponential increase occurs, it is possible to use the equation derived by Armitage and
Doll to estimate the number of genetic events needed for the process of carcinogenesis to occur.

Depending on the type of cancer, this number generally falls between four and seven.

ARMITAGE-DOLL MULTISTAGE MODEL

I{t)

Il

N A0A1 /{,,,1’("'1 [ {n-1)!
{t) = incidence at time t
N = number of normal stem cells

A = rate of transition between stages

n = number of stages

Figure 6. Armitage-Doll multistage model of carcinogenesis
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The main problem with the Armitage-Doll model is that it fails to account for a number of tumor types,
including a variety of childhood tumors (which occur in childhocd or not at all), Hodgkins disease (which
has one peak incidence in young adulthood and another late in life), and breast cancer (which peaks in
the perimenopausal years and then again later in life). The reason is that the medel relies on several
assumptions that do not always hold true; namely, that the number of cells and the mitotic rate within a

given tissue both remain constant throughout life.

A third multistage model for carcinogenesis was put forth in the early 1970s to explain the
epidemiology of retinoblastomas. As Figure 7 illustrates, development of a retinoblastoma requires two
genetic events, the first involving a shift from wild type to heterozygous and the sécond from heterozygous
to homozygous defective alleles. These changes occur as a result of "spontaneous” errors in the genetic
make-up of the retinoblastoma gene, rather than as a result of exposure to some exogenous carcinogen.
Since the average rate for errors in DNA replication is estimated for the retinoblastoma gene atone ina
million, the likelihood of both errors occurring in the same cell is roughly one in one trillion. A person who
is boern with one defective allele has a far greater chance of developing a retinoblastoma, since the
likelihood of one additional error is cbviously far higher than the likelihood of both errors occurring in a
single cell. Altogether, though, the incidence of retinoblastomas is only about one per one million

population.
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Figure 7. Multistage model of carcinogenesis based on the epidemiology of retinoblastomas
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What is evident from the retinoblastoma model is that it is possible for two genetic events to occur simply
through random errors in the replication process, without any direct damage to the DNA itself by an
exogenous agent. Thus, an increase in the risk of cancer can occur in either of two ways: by direct damage
to the DNA or by an increase in the rate of replication, which indirectly leads to an increase in the number of
errors. Chemicals that increase thé risk of cancer by interacting directly with the DNA are referred to as

genctoxic, while those that increase risk by increasing the rate of replication are nongenotoxic.

Although generally true, it is not always the case that genotoxic carcinogens produce a linear dose-
response curve and nongenoctoxic carcinogens produce a nonlinear one. As an example of a situation in
which this relationship does not hald, Dr. Cohen concluded his presentation by showing the graph reproduced
as Figure 8, which illustrates the dose-response curves obtained for tumors of the liver and urinary bladder in
mice exposed to 2-acetylaminofiuorene (AAF). As one would expect from a genotoxic chemical, the dose-
response curve for liver tumors (broken lines) was essentially linear at all ages; the dose-response for tumors
of the urinary bladder (solid lines), however, is clearly nonlinear. The reason for this disparity is that, in
addition to its genotoxic effects, AAF at these doses also affects cell proliferation in the bladder but not in the

liver.

Tumor Prevalence (%)

Figure 8. Dose-response curves for tumors of the liver (broken lines) and urinary bladder
» {solid lines) following exposure to AAF ;
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IV. EXPERT PANEL REPORT

Executive Summary

Based upon pre-meeting review of the pertinent literature on arsenic carcinogenicity and other
biological responses and pre-meeting comments on these issues, the expert panel developed a set of
possible modes of action for arsenic carcinegenicity and their relative confidence levels. Modes of
action that could be ruled out on the basis of experimental data were also discussed. The summary
conclusions described here are placed in the context of the three issues identified in the meeting

agenda (see Appendix D).

Issue No. 1: What do existing data tell us about arsenic's carcinogenic mode of action?

It was assumed that development of tumors requires genetic alterations and so information on
mode of formation of these was considered in deliberations or cancer formation. Arsenicals do not
induce point mutations, but they do induce chromoscomal alterations (both structural and numerical),
suggesting that the latter are formed by indirect effects upon DNA. Chromosome alterations can be
produced by errors of DNA repair, DNA replication, and cell division. Their production and/or clonal
expansion requires cell proliferation. All these housekeeping processes (repair, replication, division,
and proliferation) could be influenced via transcription control (expression) mediated by DNA
methylation changes, the extent of which could be determined in part by arsenic metabolism. Cantrol
could also be altered by direct interaction of arsenic with proteins involved in the housekeeping
processes via vicinal dithiol binding. Changes in housekeeping processes (amount of fidelity) can
lead to genomic instability, exemplified by chromosomal alterations. The formation of specific
alterations in tumor suppressor genes, for example, could lead to tumor formation. Additional modes
of action were deemed to include the production of oxidative radicals and co-mutagenic effects of

arsenic with known chemical mutagens.
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Issue No. 2: What is the level of confidence in conclusions regarding arsenic's mode of action?

There was a high level of confidence that chromosome alterations were induced by arsenicals and
that specific chromosome alterations are involved in tumor formation. The process by which
chromosome alterations (or genomic instability) are induced have a lower level of certainty. Effects of
arsenic on DNA repair have been repdrted, including interactions with repair proteins. However, direct
association of these on chromosome aberration induction is not known. Cell proliferation increases
induced by arsenic have been reported to a limited extent, but the mechanism of this is unknown.
Effects on DNA replication are also uncertain at this time. The role of oxidative damage in producing
genetic alterations is known to be feasible, but is not well substantiated for arsenic exposures. While
hypermethylation has been shown to be associated with tumor phenotype, little is known about

arsenic-induced changes in methylation.

Issue No. 3: What are the dose-response implications of the mode of action understanding?

The induction of a chromosome aberration (deletion and translocation) requires two DNA lesions,
in general. Thus, the dose-response curve is predicted to be nonlinear with dose, as is supported by
experimental data. Cellular processes leading to aneuploidy, including effects on mitotic spindles and
chromosome segregation, are predicted to be nonlinear with dose, as supported by some published
literature. Increases in cell proliferation and hypermethylations are predicted to be nonlinear with
dose, and experimental support is available in the case of cell proliferation. it is difficult to predict the
role of co-carcinogenic effects of arsenic on dose-response curve shape without knowing the nature of
the co-carcinogen. The evidence for this as a mode of action for tumor formaticn is limited. Taken as
a whole, the proposed modes of action are predicted to produce nonlinear tumor responses as a
function of effective dose. The exact nature of this nonlinearity will be enhanced by knowledge of

metabolism and of carcinogenic/ mutagenic metabolites leading to a firmer assessment of effective

dose.

Hazard Identification

The expert panel believes that it is clear from various epidemiologic studies that arsenicis a
human carcinogen via the oral and inhalation routes. Target organs from oral exposure include

primarily the skin and internal organs such as the liver, bladder, and kidney, while the target organ

from inhalation exposure is primarily the lung.
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Possible Modes of Action for Arsenic Carcinogenicity

The genetic toxicology of arsenic compounds has been reviewed (Léonard and Lauwerys, 1980;
Jacobson-Kram and Montalbano,1985; Wang and Rossman, 1986; Rossman, 1997). Based on
available evidence, the expert panel concludes that arsenic and related compounds are not direct

genotoxicants.

There is no evidence that arsenic compounds form DNA adducts, and incubation of plasmid DNA
with arsenite, alone or in combination with UV light or H,0, does not induce DNA strand breaks or
alkali-labile sites (Ressman, unpublished data). The inability of arsenite to induce the bacterial
distress ("SOS") system that is sensitive to DNA damage is also consistent with its lack of direct
genotoxicity (Rossman et al., 1984). Since inorganic trivalent arsenicals are especially good inhibitors
of enzymes containing vicinal sulfhydryl groups (Aposhian, 1989), arsenite is much more likely to
affect chromosomes by binding to such groups on chromoscmal proteins. Vicinal dithicls are common
in the zinc fingers found in DNA binding proteins and transcription factors, and in some DNA repair
proteins (Berg, 1990). Neither arsenite nor arsenate decreases the fidelity of DNA polymerization
(Tkeshelashvili et al., 1980).

Un!‘ike many carcinogens, arsenic compounds do not induce mutations in either bacterial or
mammalian cells, at least under conditions of high survival (Rossman et al., 1980). Since this does
not rule out the possibility of mutations caused by large deletions (which are either unselectable or
letha! events in these systems), the mutagenicity of arsenite has also been also assayed in a
transgenic line, G12. This Chinese hamster V79 cell line contains a single integrated copy of the E.
coli xanthine-guanine phosphoribosyl transferase (gpt) gene and so can detect deletions as well as
point mutations (Klein and Rossman, 18S0). In G12 cells, arsenite induces point mutations only at
relatively toxic concentrations; even at these high concentrations, moreover, the mutation rate is only
twice background (Li and Rossman, 1691). When Meng and Hsie (1996) analyzed the mutants
produced in another transgenic cell line treated with high concentrations of arsenite, the proportion of
deletions was higher than in the spontaneous class; in this line,.too, however, the mutzation rate was

anly twice background.

Although low cencentrations of arsenic and its metabolites alone do not cause mutations at single
gene loci, these compounds do induce genotoxic effects. Theorized modes of action evaluated by the

expert panel include:

. Chromosomal abnormalities
. Effects on DNA methylation
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. Oxidative stress
. Effects on cell proliferation

. Co-carcinogenicity

The panel's conclusions regarding the weight of evidence for each of these possible modes of action,

and implications for the shape of the dose-response curve, are summarized below:

Chromosomal Abnormalities. Although arsenic and arsenicals appear not to induce point
mutations, there is considerable evidence that these compounds do induce abnormalities such as
changeé in chromosome structure, changes in chromosome number, and sister chromatid exchanges
(reviewed in IARC, 1987; Rossman, 1994; and Rossman, in press). Chromosomal aberrations,
including the induction of micronuclei, have been described in both in vivo and in vitro sfudies of
rodents and humans (IARC, 1887; Jha et al., 1992; Dulout et al., 1996; Warmer et al., 1894; and
Larramendy et al., 1981). Similarly, arsenic-induced aneuploidy has been demonstrated in vivo and in
vitro in human lymphocytes and in exfoliated bladder cells but not in buccal cells harvested from
exposed humans (Vega et al., 1995, Warner et al,, 1994; and Dulout et al., 1996). Sister chromatid
exchanges are induced in vitro, but evidence for their occurrence in exposed human populations is

more equivocal (Larramendy et al., 1981; Rasmussen and Menzel, 1997; Lerda, 1994; Nordenson et

al., 1978; and Vig et al., 1984).

The great majority of chromosornal aberrations reported in the arsenic literature are of the
chromatid rather than the chromoscme type, indicating that they are formed during (S-phase) or after
(G,-phase) DNA replication. Some of the observed micronuclei have been shown to be a

conseguence of the loss of whole chromosomes (aneuploidy), while others are due to chromosomal

acentric fragments (Dulout et al., 1996).

In vitro experiments have demonstrated that a.rsenic compounds are clastogenic in many cell
types. In normal human fibroblasts, the potency for clastogenicity is: arsenite > arsenate > DMA
(Qya-Ohta et al., 1988). In fact, >7 millimolar DMA is required for clastogenicity, whereas only 0.8
micromolar arsenite was clastogenic. Since the LD.;s for arsenite in human cells range from about
0.2 to 2.0 micromolar (Rossman et al,, 1897), the panel felt that the genotoxic effects of arsenicals in
human cells are unlikely to be due to DMA (which would only causé such effects if present in

concentrations in the millimolar range).

In using the data on chromosemal abnormalities to define a mede of arsenic carcinogenicity,

the panel thought the Agency should consider that such aberrations could be produced either by
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errors in DNA repair (failure to repair or incorrect repair) or errors in DNA replication (Preston, 1991).
The former leads to chromosome-type aberrations in G, and chromatid-type in G,; the latter leads to
chromatid-type aberrations in the S-phase. In the panel's view, the fact that only chromatid-type
aberrations have been observed following exposure to arsenicals, especially in GyG, exposed human

lymphocytes, suggests that errors of DNA replication are involved in their formation.

Sister chromatid exchanges are produced by errors in DNA replication. The panel felt it
notable that such abnormalities have not been reported in cells from human populations exposed to
arsenic, perhaps indicating that an aberrant DNA replication process leading specifically to sister

chromatid exchanges is not operating in arsenic-induced carcinogenicity.

Aneuploidy can be caused by any of a number of processes, ranging from chromosomal
alterations to direct effects on the mitotic spindle or chromosome-moving components. The
mechanism by which arsenicals induce aneuploidy is not known; however, studies of other chemicals
suggest that the dose-response relationship for induced aneuploidy is nonlinear and may be best
described by a threshold respense (Elhajouji et al., 1995).

Arsenite causes cell transformation (but not mutation) in Syrian hamster embryo cells (Lee et
al., 1985a), and similar results have been found using 10T1/2 mouse embryo celis (Landolph, 1994)
and BALB/3T3 mouse embryo cells (Saffiotti and Bertelero, 1989). Arsenite also transforms human
osteosarcoma cells to ancherage-independence (Rossman and Hu, unpublished). In SV40-
transformed human keratinocytes, arsenite induces gene amplification at the dihydrofolate reductase
(dhfr) locus, but does not cause amplification of SV40 sequences (Rossman and Wolosin, 1992).
This suggests that arsenite does not induce signaling typical of agents that directly damage DNA
(which induce SV40 amplification in this system), but rather could affect cellular gene amplification via
checkpaoint pathways such as those involving p53 (Livingstone et al., 1992). In fact, the panel felt that
many of the genotoxic effects of arsenite are consistent with the type of genomic instability that could
be expected to result from interference with p53-related pathways (Little, 1994) or other pathways

involving DNA repair or cell cycle control.

Based on the lack of DNA adducts and the absence of point mutations, the panel concluded
that chromosomal alterations induced by arsenicals are not the result of a directly mutagenic process.
Rather, the panel believes it likely that acute high-dose exposure in in vitro cellular systems or chronic
exposure to arsenic in vivo leads to a decrease in the fidelity of DNA replication (or perhaps a
decrease in the efficiency of DNA repair) and a decrease in the efficiency of the cell division process
that eventually results in chromosomal abnormalities. .One area of uncertainty in this medel is that an

additional DNA response would be necessary to explain the observed lack of point mutations.
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Although the precise mechanism is not known, such a response might involve the production of a
DNA lesion that leads to chromosomal aberrations such as a secondarily produced DNA double-

strand break or failure to repair damage to DNA, endogenous or exegenous (Elia et al., 1994).

While acknowledging that details of the mechanism remain obscure, the panel believes that
the chromosomal abnormalities cbserved in arsenic-exposed cells occur via an indirect mechanism,
probably one involving the derangement of some cellular housekeeping process, and that the dose-
response curve for such indirectly preduced chromosomal alterations is likely to be nonlinear. This
proposition is supported by published data showing that in most cases the d_ose-response curves for
chromosomal aberrations in cells exposed to arsenic are nonlinear (reviewed in Rudel et al., 19986).
Thus, the panel had a fairly high level of canfidence that such a mode of action, in which tumors form

as a consequence of one or more chromosomal abnormalities, would produce a nonlinear dose-

response curve.

Effects on DNA Repair. ‘At nontoxic concentrations, arsenite acts as a co-mutagen and/or

inhibitor of DNA repair. Arsenite has been found to enhance the mutagenesis of ultraviolet irradiation
in E. coli (Rossman, 1881) and of UV, methyl methanesuifonate (MMS), and methyl nitroscurea
(MNU) in Chinese hamster cells (Lee et al., 1985b; Li and Rossman, 1889z, 1991; Yang et al., 1992).
Arsenic compounds inhibit the repair of DNA damage induced by x-rays and ultraviolet radiation
(Snyder et al., 1989), the post-replication repair of ultraviolet-induced damage (Lee-Chen et al.,
1892), and completion of the repair of MNU-induced damage (Li and Rossman, 198%a). The theory
that arsenic compounds inhibit DNA repair is also supported by findings that arsenic compounds
potentiate x-ray and ultraviolet-induced chromosomal damage in peripheral human lymphocytes and
fibroblasts (Jha et al., 1992), alter the mutational spectrum (but not the strand bias) of ultraviolet-
iradiated Chinese hamster ovary cells (Yang et al., 1992), and synergistically enhance chromosomal

aberrations induced by diepoxybutane, a DNA cross-linking agent (Wiencke and Yager, 1992).

Although there is one report that arsenite treatment causes an inhibition of pyrimidine dimer
removal in human SF34 cells after ultraviolet irradiation (Okui and Fujimara, 1986), most studies have
found interference with a later (post-incision) step in the DNA repair process. The inhibition by
arsenite of the completion of DNA excision repair appears to occur via effects on DNA ligation (Li and
Rossman 1989b; Lee-Chen et &l, 1894); however, neither DNA ligases nor DNA polymerase alpha or
beta can be inhibited by arsenite at concentrations many times higher than those shown to inhibit DNA
repair in cells (Li, 1989; Li and Rossman, 1989b; E. Snow, personal communication). Thus, the
observed effects on DNA repair do not seem to be mediated via an arsenite-induced inhibition of DNA
repair enzymes (ligases or polymerases), although effects on accessory proteins (if any) have not

been tested. Rather, arsenite may affect cellular control of DNA repair processes, possibly through
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its effects on p53 expression (see discussion of DNA methylation, below).

Effects on DNA Methylation. Abnormalities in cytosine DNA methylation have recently
emerged as a common molecular change in a variety of human tumors (Counts and Goodman, 1995;
Jones, 1996; Issa et al., 1997; Baylin et al,, 1997). When it affects the promoter region of expressed
genes, hypermethylation is associated with transcriptional silencing of the involved gene (Meehan et
al., 1992; Eden and Cedar, 1894). Several tumor suppressor genes have been shown to be
transcriptionally inactivated in human tumors without detectable coding region mutation, but in
association with promoter methylation. Therefore, hypermethylation can drive carcinogenesis either
by inactivating multiple genes (e.g., tumor suppressor genes, angiogenesis inhibitors, and so forth), or
by inactivating genes involved in DNA repair, with resultant genetic instability. Promoter
hypermethylation has been found in most tumor types examined and therefore is a plausible mode of

action for carcinogenesis in general.

The involvement of DNA hypermethylation in the mode of action of arsenic carcinogenesis is
supported by both theoretical considerations and preliminary experiments. Arsenic is primarily
nonmutagenic, and hypermethylation, which provides an altemnative to coding region mutations for the
inactivation of tumor suppresser genes, appears to be an attractive mode of action for nonmutagenic
chemicals (Costa, 1995). In fact, nickel, another nonmutagenic carcinogen, has been shown to

induce hypermethylation of an integrated gene construct in mammalian cells (Lee et al., 1985).

In one study that has addressed the issue of arsenic-induced changes in methylation directly,
lung cancer cells in culture were exposed to increasing doses of arsenic. In this study, arsenic
exposure was investigated as a cause of increased overall methylation levels and increased
methylation of the p53 tumer suppressor gene promoter, including tracts of non-CpG cytosine
methylation that may represent a "signature” abnormality for arsenic exposure (Mass and Wang,
1897); arsenic exposure has also been found to cause an increase in cytosine-DNA methyltransferase
activity (Méss, personal communication). These data support a role for abnormalities in DNA

methylation as a mode of action of arsenic carcinogenesis.

These observations must, however, be viewed and interpreted with some caution. There is
no evidence that hypermethylation of gene promoters is an exclusive or unique mode of action for
arsenic carcinogenesis. In fact, such methylation abnormalities have been described in both
spontaneous tumors and tumors induced by mutagenic carcinogens (Issa et al., 1886). Furthermore,
no studies of DNA methylation abnarmalities have been conducted in arsenic-induced tumors, and
hypermethylation of the p53 gene promoter has not been reported in any human tumer. Thus, the

panel's level of certainty for hypermethylation as a mode of action for arsenic carcinogenesis is based

25



primarily on general principles of carcinogenesis and limited preliminary experiments, and may be

considered as "good" (though not definitive).

To assess the implications of this mode of action for the shape of the arsenic dose—responée
curve, it is instructive to consider the potential mechanisms of arsenic-induced hypermethylation. In
the panel's view, two general mechanisms seem plausible. In the first, arsenic-induced methylation
could change the relative levels of S-adenosyl methionine (SAM) and S-adenosyl homocysteine
(SAH). These changes, in turn, could modulate the relative activity of cytosine methyltransferase,
resulting in aberrant methylation. However, cellular SAM/SAH pools are relatively large and serve all
transmethylation reactions in the cell (Chiang et al, 1986). Thus, it appears unlikely that arsenic-
induced methylation would sufficiently affect these pools to influence genomic methylation.
Furthermore, profound changes in SAM/SAH concentrations would probably affect essential cellular
processes (e.g., polyamine metabolism) before influencing DNA methylation. Nevertheless, it is quite

clear that this mechanism would generate a nonlinear or threshold type of dose-response curve for

arsenic carcinogenesis.

Alternatively, arsenic-induced methylaticn could affect chromatin structure and/or DNA
tertiary structure by interacting with DNA binding proteins (Lewis et al., 1992) or, perhaps, by binding
directly to DNA. This appears to be a plausible mechanism for arsenic carcinogenesis, but there are
no data to support it at the present time. If demonstrated, however, such a mechanism (involving

arsenic-protein interactions) would also be associated with a nonlinear dose-response curve.

Thus, while the panel's level of confidence for a specific role for arsenic-induced changes
in DNA methylation in tumor induction is low, due to the absence of relevant experiments, the panel

believes that all proposed mechanisms for this mode of action would likely be associated with a

nonlinear dose-response curve.

Oxidative Stress. The generation of active oxygen species or their accumulation due to

decreased scavenging has been implicated in several classical experiments of tumaor promotion
(Slaga et al., 1981; Klein-Szanto and Slaga, 1982). In addition, there is a well-known body of literature
that points to free radical generating substances as having promoting effects due to their ability to
 induce cell proliferation (eventually through the induction of arnithine decarboxylase). Free radicals

may also directly damage DNA (Cerrutti, 1985; Pryor, 1986).

There is a body of evidence implicating free radicals as significant factors in the development of
arsenic-induced neoplasia. Yamanaka et al. (1989) found that dimethylarsine, a volatile metabalite of

DMA, is mutagenic in E. coli. Subsequently, Yamanaka and Okada (1994) reported that DMA
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induced lung-specific DNA strand breaks in mice and rats via the peroxy radical and other active
oxygen species produced during the metabolism of DMA. It was suggested that this might explain
how arsenite induces lipid peroxidation in various rat tissues (Ramos et al., 1995). Given that
Yamanaka et al. (1989) and Yamanaka and Okada (1994) used high concentrations of DMA,
however, it is unlikely that DMA would be present in high enough concentration in mammalian cells

exposed to inorganic arsenic compounds to cause mutagenesis (Vahter and Marafante, 1989).

The concept that arsenite induces oxidative stress is supported by a number of findings. The
addition of superoxide dismutase to the culture medium has been shown to block arsenite-induced
genotoxicity in human lymphecytes (Nordenson and Beckman, 1991), and Vitamin E (alpha-
tocopherol) protects human fibroblasts from arsenite toxicity (Lee and Ho, 1994). An x-ray sensitivé,
catalase-deficient CHO cell variant is hypersensitive to killing and micronucleus induction by arsenite,
and micronucleus induction can be blocked by catalase (Wang and Huang, 1994). In addition,
arsenite induces a number of proteins that are induced by and protect against oxidative stress,
including metallothionein {Albores et al., 1892) and heme oxygenase (Keyse and Tyrrell, 1989), and
this induction, too, is blocked by antioxidants. Expression of metallothionein affords some protection
against arsenite oxicity, even though metallothionein does not have a high affinity for arsenite
(Goncharova and Rossman, 1995), and glutathione depletion increases the toxic and clastogenic

effects of arsenite in cultured human fibroblasts (Oya-Ohta et al., 1996).

Genotoxicity can also occur via oxidative actions other than DMA peroxyl radical formation.
Oxidative effects of arsenite may be caused by glutathicne depletion. Arsenite readily reacts with
glutathione, and glutathione is required both for reduction of arsenate to arsenite and in the reductive
methylation of arsenite to DMA (Scott et al., 1993). In the case of fibroblasts and other cells that do
not appear to methylate arsenic and thus cannot generate the DMA peroxy radical, the most likely
mechanism of oxidant stress would be via depletion of glutathione after arsenite treatment. However,
this also may be a high-dose effect, since cells normally contain millimolar concentrations of
glutathione. Trivalent inorganic arsenite as well as organic arsenicals can inhibit glutathione

reductase (Styblo et al., 1897), which would also lead to oxidant stress in the cell.

There is, however, another interpretation of antioxidant effects on arsenite genotoxicity.
Endogenous oxidants play an important role in "spontaneous” mutagenesis (Goncharova et al., 1986).
Thus, the addition of antioxidants to the medium reduces oxidant stress and oxidative DNA damage,
which is thought to be responsible for most of the deletions seen in the spontaneous mutant spectrum
(Joenje, 1989). In the presence of antioxidants, therefore, there might be fewer DNA lesions whose

repair could be interrupted by arsenite and therefore fewer genctoxic events induced by arsenite.
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Effects on Cell Proliferation. As noted previously, there is good agreement that arsenicals do not

interact directly with DNA. An alternative mode of carcinogenic action is increased cell proliferation in
the pluripotential cells of one or more target tissues, due either to an increase in the number of cell
births and/or a decrease in the number of cell deaths. Although not examined extensively, there is

both in vivo and in vitro evidence supporting this mode of action for arsenic-induced carcinogenesis.

In humans, exposure to high levels of arsenic and related compounds produces arsenical
keratoses, usually on the palms and soles of the feet, which may evolve into invasive squamous cell
carcinomas (Lever and Schaumburg-Lever, 1983). Characteristic features of these keratoses include
dysplastic changes in the squamous epithelium that rgﬂect a decrease in differentiation and an
increase in the number of cell divisions. No articles were found, however, examining the role of cell
proliferation in the preneoplastic stages of cancer of intemal organs in humans that might be

assaciated with arsenical exposure (lung, bladder, liver, kidney).

In rodents, oral administration of DMA after exposure to one or more genotoxic carcinogens
resuits in increased incidences of tumors of the lung, bladder, liver, kidney, and thyrcid (Yamanaka et
al., 1996; Yamamoto et al., 1995; Wanibuchi et al., 1998). Administration of DMA without prior
exposure to genotoxic carcinogens results in increased cell proliferation in the bladder (Wanibuchi et
al., 1996), liver (Yamamoto et al., 1995), and kidney (Murai et al., 1993); proliferation rates in the lung
and thyroid have not been specifically examined. Increases in cell proliferation have been detected in
the form of dysplasia on histopathologic examination, in increased labeling indices following pulse
bromodeoxyuridine, and by changes in omnithine decarboxylase activity. Cells have also been
reported to exhibit increased proliferation in vitro following the addition of certain arsenicals to the

culture medium (Rossman, personal communication). In the kidneyl, cytatoxicity has been

demonstrated (Murai et al., 1993).

Although the mechanism through which exposure to arsenicals induces increased cell proliferation
remains uncertain, the most likely pathway includes cytotaxicity followed by regenerative proliferation
(Murai et al., 1993; Wanibuchi et al., 1986). The dose-response for this effect is nonlinear, with no
increase at low doses and increasing proliferation as the dose increases. At very high doses, toxicity
becomes a limiting factor, resulting in no further increases in proliferation. A nonlinear dose response

is usually observed for increased cell proliferation related to chemical exposure.

The panel had some confidence in increased cell proliferation as a mode of action for arsenic
carcinogenesis, but the amount of data available to support such a hypothesis is quite limited.
Although the panel felt that additional quantitative studies could be done relatively easily in animals to

determine the shape of organ-specific dose-response curves for arsenic-induced increases in cell
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proliferation, there was concem that extrapolation of these results to humans might be difficult
because of species differences in the distribution, metabolism, and excretion of arsenic, as well as

differences in tissue responsiveness.

Co-Carcinogenicity. The notion that arsenic and related compounds could be co-carcinogens but
not complete carcinogens is supported by several observations. Although there are at least three
published studies in which DMA has been reported to induce bladder, liver, or lung neoplasms when
administered in combination with other carcinogens, there is no animal model in which arsenic alone
has been shown to be carcinogenic. Similarly, despite their demonstrated ability to enhance the
mutagenicity of other compounds (probably by altering the DNA repair pathways), arsenic compounds
generally yield negative resuits in standard assays of mutagenesis such as the Ames test. Co-
carcinogenesis is also suggested in some human epidemiclogic studies, which have found a higher
incidence of lung neoplasms in arsenic-exposed smokers than in arsenic-exposed nonsmokers
(Hertz-Picciotto et al., 1892; Chiou et al., 1995) and in the subset of arsenic-exposed miners who
were also exposed to radon gas (Xuan et al,, 1993). Although not as clearly demonstrated, a similar
cooperation is probable in the development of bladder cancer in populations exposed to arsenic and

tobacco smoke.

~ Skin cancer in humans is probably not due to synergism between arsenic and ultraviolet radiation,
since carcinomas in arsenic-exposed individuals frequently cccur in areas of the skin that are not
typically exposed to sunlight. Several attempts to develop an animal model of skin cancer using
arsenic as either a complete carcinogen or as a tumor promoter have failed. Relatively few
experimental protocols have been tested, however, leaving open the possibility that these failures can
be attributed to inadequate species/strain selection, the schedule of arsenic administration, or other

aspects of the experimental protocol.

Conversely, moderate success has been attained in experiments using arsenic to in_duce internal
organ tumors in rodents (Yamamoto et al., 1895; Wanibuchi et al., 1886; Yamanaka et al., 1996).
These studies have in common their use of DMA as a promoting agent after an "initiating” dose of
ancther known carcinogen (a cocktail of nitrosamines or N-butyl-(4-hydroxybutyl)-nitrosamine (BBN)
to induce bladder cancer and 4-nitroequinoline-1-oxide (NQO) to induce lung cancer). In these reports,
DMA alone did not produce tumors, even at high doses (100400 ppm); when combined with other
carcinogenic compounds, however, DMA produced bladder tumors even at relatively low

concentrations (10-25 ppm).

Further support for arsenic co-carcinogenesis comes from in vitro mutagenic experiments

combining mammalian cell exposure to arsenite with exposure to ultraviolet irradiation, NMU, and
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methylmethane suifonate (Lee et al., 1985b and 1986; Li and Rossman, 19893, 1989b, and 1991;"
Yang et al., 1992). Arsenic also acts as a co-carcinogen in the clastogenasis of mammaiian cells
using ultraviolet radiation, x-rays, and diepoxybutane (Jha, 1991; Wiencke and Yager, 1992). It has
been hypothesized that the observed co-mutagenesis is due to the effects of arsenic on DNA repair
activity, such as DNA ligase Il, through which arsenic interferes with the completion of DNA excision
repair (Li and Rossman, 198%a and 1989b; Lee-Chen et al., 1994). However, as discussed above,

DNA ligases are not particularly sensitive to arsenite.

It is difficult, given the present state of knowledge, to draw conclusions about the shape of the
dose-response curves for cancer with arsenic acting as a co-carcinogen. The other agents involved
will need to be identified and the nature of the interaction with arsenic established.

Implications for Arsenic Risk Assessment

Once a compound is identified as a potential human-carcincgen, as arsenic has been, the next
step in the risk assessment process is to identify, to the extent possible, the likely dese-response for
humans over as much of the dose range as possible. This can be done in two ways: empirically or

mechanistically.

Empirical data consist of dose-response information rélated to tumor production in animals and
humans, as well as information on surrogates of both dose and effect. The use of surrogates may
allow an extension of the dose-response data to the lower-level exposures that are of interest for
regulatory purposes. In the case of arsenic, however, reliable surrogate dose-response information is
not available. A recent reexamination of the Taiwanese study may indicate a nonlinearity in the
observed data, but the panel's confidence in this conclusion is low due to both the difficulties in

defining exposure in this population and the heavy confounding of exposure with age.

It is not clear exactly what the mechanism of arsenic carcinogenicity is, nor even which mode of
action is operative. Several different modes of action have been postulated, however, and the panel
concluded that each of them is both theoretically plausible and realistic from an operational peoint of
view. There is, however, very little empirical data to support any one mode of action over the others.
The panel believes that it is also plausible that more than one mode of action may be operating at

different dose levels ar even at the same dose.

The panel was able to conclude, however, that one important mode of action is unlikely to be

operative for arsenic. The panel agreed that arsenic and its metabolites do not appear to directly
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interact with DNA. Had there been evidence for such a mode of action, it would likely have led to the
conclusion that tumor induction was linear with dose over the dose range from the lowest point of
observation for tumors. The conclusion that there does not appear to be any direct interaction of
arsenic with DNA does not rule out a linear dosé—response relationship at lower doses. However, all

identified modes of action would lead to nonlinear responses for cancer.

There was a consensus among the panel that for each of the modes of action regarded as
plausible, the dose-response would either show a threshold or would be nonlinear. Which of these
shapes is the most likely at low doses was not discussed at any length, however, since under the new
EPA Cancer Risk Assessment Guidelines, it makes little difference whether a carcinogen has a true
threshold or simply exhibits nenlinear behavior at low doses. Additionally, the data needed to resoive
this question are not available, except in generic form. It was clearly the consensus of the expert
panel, however, that the dose-response for arsenic at low doses would likely be truly nonlinear—i.e.,
with a decreasing slope as the dose decreased. However, at very low doses such a curve might

effectively be linear but with a very shallow slope, probably indistinguishable from a threshold.

Potency, or risk per unit dose, can be estimated from various study populations, but, as with any
epidemiologic data, biases in the estimates obtained in this way are possible in both directions. In the
Taiwanese study, for example, biases associated with the use of average doses and with the
attribution of all increased risk to arsenic would both lead to an overestimation of risk. For dose
estimates, this bias reflects the fact that despite a distribution of doses in the population, those
individuals exhibiting effects would tend also to be those who received the highest doses; because of
this, deriving an average dose based on affected individuals would to some extent bias risk estimates
upward. Similarly, attribution of the total excess risk in the population to arsenic exposure alone could
also be expected to inflate the estimate of risk if the population is also characterized by other risk
factors such as smoking, excess exposure to sunlight, nutritional status, and so on. Other

confounders, such as reduced animal fats in the diet, could produce a negative bias in the risk

estimate.

Sources of Uncertainty

During the course of its deliberations, the expert panel identified several major sources of
uncertainty that the Agency should take into account in assessing the risks associated with exposure

to arsenic and related compounds. These include:
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. Questions related to the speciation of arsenic and related compounds, including which
species do and do not function as "bad actors” in the process of carcinogenesis.

. Questions related to the role of methylation in arsenic metabolism, including the saturability of
methylation mechanisms.

. Questions related to the lack of a suitable animal model for arsenic carcinogenicity.

Each of these issues is discussed in some detail below.

Speciation. The issue of whether the methylated arsenic species MMA and DMA contribute to
genotoxicity when exposure is to inorganic arsenic compounds has not been completely resclved, but
it appears unlikely that the methylated species play a major role. Most studies using DMA have found
that very high concentrations of this metabolite are needed to produce a genotoxic effect (i.e.,
approximately two orders of magnitude higher than the concentration of arsenite at which genotoxicity

is observed). Relatively few studies of the genoctoxicity of MMA have been conducted.

Cells that do not methylate arsenic compounds convert arsenate to arsenite and then excrete the
arsenite via an efflux pump (Wang et al., 1896). Because arsenite is considered to be the most likely
carcinogenic form of arsenic, there is more information on its genotoxicity than on that of other

species. In general, arsenate is at least an order of magnitude less potent as a genotoxicant than is

arsenite.

Finally, although arsenate, arsenite, methylarsonic acid containing As¥ (MMAY) or dimethylarsinic
acid containing As¥ (DMAY) are the most recognized of the arsenic species, MMA" and even DMA™
are certainly intermediates in arsenite methylation. Although these substances have been chemically
synthesized and are available, they have neither been measured nor isolated in mammalian systems,

and no studies of their mutagenic or carcinogenic properties have been performed.

Arsenic Metabolism. With the recent purification and characterization of arsenite

methyltransferases (Zakharyan et al., 1995 and 1956), meaningful experiments to investigate the role

of metabolism in inorganic arsenic carcincgenicity could be performed. These enzymes, which are
found in the liver of rabbit, rat, mouse, hamster, pigeon, and rhesus monkey, are deficient in the
marmoset monkey, tamarin monkey, squirrel monkey, chimpanzee, and guinea pig (Zakharyan et al,,
1996; Healy et al., 1997; Apcshian, 1997). One of the major implications of these observations is that
since there are species that do not methylate inorganic arsenic, arsenic methylation is not the major
route of inorganic arsenic detoxification for mammals. Nonspecific binding to thiol-containing

macrcmolecules has been suggested as an alternative mechanism for the detoxification of arsenic

and related compounds.
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Based on studies of the concentration of methylated arsenic species in particular tissues, it is
often stated in the literature that methylation of arsenic and related compounds takes place only in the
liver. Recently, it has been demonstrated that, in the male mouse, the specific activity of arsenite
methyltransferases varies by organ, with activity in the testis > kidney > liver = lung (Healy et al., in
press). However, such activity has not yet been demonstrated in human liver. Whether this is due to
the unavailability of fresh human liver (i.e., tissue removed within one hour of death), to the absence of
measurable amounts of an inducible enzyme in the livers of individuals not exposed to large amounts

of inorganic arsenic, or to other factors is not known at the present time.

Another issue that remains controversial is the extent to which inorganic arsenic methylation
varies as a function of exposure to arsenic in drinking water. On the one hand, studies of the urine of
occupationally exposed humans, humans exposed to elevated doses of inorganic arsenic }
experimentally or via drinking water/food, or in humans exposed to much less inorganic arsenic in the
| general environment showed no major differences in the mix of arsenic metabolites compared to
controls (Vahter, 1983; Hopenhayn-Rich et al., 1993; Mushak and Crocetti, 1995). These findings
have been interpreted as suggesting the absence of a threshold for arsenic methylation, at least over

the range of exposures studied.

Other reports, however, have suggested a threshold for arsenic methylation, which would imply
that the dose-response curve for arsenic-induced cancer is sublinear at low doses (Carlson-Lynch et
al., 1994; Beck et al., 1995). With increasing arsenic exposure, for example, an increasing
percentage of MMA and a decreasing percentage of DMA are found in the urine (Hopenhayn-Rich et
al., 1996; Del Razo et al., 1895). This phenomenon may be due to an inhibition in the methylation of
MMA to DMA, as has been suggested by in vitro experiments using liver cells incubated with excess
inorganic arsenic (Buchet and Lauwerys, 1985). However, these studies were performed in the rat
and may not be applicable to humans, since there is known to be a large species diversity in the
properties of arsenite methyltransferases (Aposhian, 1997), and properties of the human enzymes

have not yet been fully elucidated.

It has been proposed that saturation of the methylation pathway for arsenic can be detected
through a change in the ratio of urinary MMA to DMA (Beck et al., 1995). Consideration of ratios can
be misleading, however, since a ratio often exaggerates a result. In this case, for example, the
numerator (MMA) is becoming larger while the denominator (DMA) is becoming smaller. Perhaps the
relationship between dose level and arsenic methylation would be more meaningful if assessments

were based on the combined urinary excretion of MMA and DMA.
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Assessments of the urinary excretion of MMA and DMA in population groups with varying levels of
exposure to arsenic are problematic, however, since the exact daily arsenic dose, including the
fractions absorbed from drinking water, focd, and air, is seldom determined. Because of this, the
results of studies involving human volunteers (Mappes, 1977; Tam et al., 1979; Buchet et al., 19813,
b) should be viewed with caution. Exposure conditions in these studies are not identical with normal
exposure events and the number of subjects is typically small. In addition, many of the older studies

failed to adequately address issues of validation and quality control, which casts additional doubt on

their significance.

Further complicating the issue of arsenic methylation is the fact that decreases in the percent of
DMA in urine at higher exposure levels have not always been found. For example, Andean women.
exposed to arsenic in the drinking water at a concentration of 200 ng/L. had a higher percentage of
urinary DMA than women exposed to less than 15 pg/L (Vahter et al.,' 1895). Similarly, in studies of
native children drinking water containing arsenic in the Andean village and in Chaco province, the

percentage of urinary DMA increased with increasing urinary concentration of methylated arsenic

(Concha et al.,, 1997).

Animal Model. ltis also important to keep in mind that in general experimental animals are less
sensitive than humans to the toxic effects of arsenic. Because of the extensive species differences in
both the amount of arsenite transferase in the liver and the amount of arsenic species excreted in the
urine, the panel recommends that human tissues be used wherever possible for studies of arsenic
carcinogenicity. The availability of freshly harvested human tissue is currently very limited; not only is
the tissue expensive when available, but the logistics of obtaining it are extremely time consuming. To
address questions dealing with the metabolism, mutagenicity, and carcinogenicity of arsenic species,

however, access to human tissue is urgently needed.

Many investigators have studied the mutagenic and carcinogenic effects of arsenic in rats. The
relevance of these results to humans is unclear, however. Among animal species, the rat is unique in
its tendency to accumulate DMA in red blocd cells; in addition, the rat excretes unusually large
amounts of arsenic in bile. Because of the rat's unique handling of DMA, in fact, the National

Research Council (1977) has recommended that this species not be used to study arsenic

metabolism.

Based on its review of available data, the panel concluded that at the present time there does not
appear to be any geod animal model for studying arsenic carcinogenesis. Most investigators have
used the excretion of arsenic species in urine (inorganic arsenic, MMA and DMA) as a measure of

exposure; however, such profiles vary a great deal among species. For example, humans excrete
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significant amounts of MMA in urine, but most animals do not. Using MMA excretion as a criterion,
the rabbit is considered the best animal mode for arsenic biotransformation in humans. Using this

same criterion, the hamster appears to be the second best animal model.

Research Needs and Priorities

Although not specifically requested to do so by EPA, the expert panel also discussed research
efforts that might be undertaken to reduce the uncertainty associated with the current level of

understanding of arsenic’s mode of carcinogenic action.

Given the uncertainties surrounding animal models and cell culture experiments, the panel agreed
that the most revealing studies would probably involve comprehensive genetic analysis of tumors from
humans exposed to arsenic, compared with tumors from a control group. In additioﬁ to addressing
the role of methylation in arsenic carcinogenicity, such studies might also involve comparative
genomic hybridization (to determine the levels of chromosomal amplification/deletion), sequencing of

specific genes (e.g., p53, Patched) and, perhaps, allelotype analysis.

The panel also agreed that there is a continuing need for large, carefully designed epidemioclogic
studies looking at both histopathological and molecular endpoints. In these studies, it appears
important to carefully quantify arsenic exposure and to pay careful attention to confounding factors
such as other exposures in drinking water and the smoking habits of the study population. The panel
felt that such studies might have more power and be more useful in considering the impact of lower
doses of arsenic if an endpoint other than cancer could also be measured. In particular, evaluation of

preneoplastic lesions such as hyperkeratosis or proliferation of normal skin cells should be strongly

considered.

If these histologic and epidemiologic studies were able to identify a common early abnormality or
"signature” lesion in arsenic-exposed individuals, sensitive tests could be devised to detect these in
skin biopsies and/or bioassays of other tissues (bloed, urine). Such a lesion might also serve both as
a useful molecular marker of exposure and as an endpaint in molecular epidemiologic studies.
Therefore, if a large epidemiologic study is planned before the molecular nature of arsenic-related
tumors is fully elucidated, the panel recommends that relevant specimens (skin, blood, urinary

sediment) be collected and stored for future studies of this issue.

The panel also identified specific types of experiments that might be undertaken to increase the

weight of evidence for one or more of the plausible modes of action for arsenic. To further explore the
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role of chromosomal abnormalities in arsenic carcinogenesis, for example, the panel felt that studies
of long-term, low-dose exposures in an appropriate animal model (mouse, hamster, or rabbit),
perhaps using fluorescence in situ hybridization techniques to assess transmissible chromosomal
aberrations, might be useful. Experiments using mutant cells or transgenic rodents might also be

helpfu! in this regard.

To further explore the role of DNA methylation as a target for arsenic carcinogenesis, the panel
felt that studies examining promoter methylation at multiple gene loci (p53, P16, Patched, etc.) in skin
tumors of patients exposed to high levels of arsenic in the diet and drinking water might be useful,
particularly if these data were compared to control tumors of the same histologic type that were not
related to arsenic exposure (e.g., sun-induced skin tumors). If a higher rate of promoter methyiation
were found in arsenic-related skin tumors, earlier-stage lesions might be particularly useful in
revealing a mode of action for arsenic. In addition, genomic sequencing of the p53 promoter and
other genes might confirm the presence of non-CpG methylation events, which in turn might represent
a signature lesion that could be used as a biomarker for arsenic exposure. Finally, it might be of
interest to measure DNA-methyltransferase levels and overall methylation levels in arsenic-induced

tumors, although these might be considerably less specific.

Further studies to elucidate the role of arsenic as a co-carcinogen should use human populations
with well-defined exposures to arsenic and other putative carcinogens (e.g., tobacco consumption).
Using modem tools of molecular epidemiology, such studies might be used to identify precursor

lesions and neoplasms of skin, bladder, and lung.

In addition, the panel thought that it would be very useful for animal studies of arsenic
carcinogenesis and co-carcinogenesis to be conducted in species that approximate humans in their
ability to metabolize arsenic (i.e., rabbits, hamsters and mice, in that order). Similarly, in vitro studies
of co-mutagenesis or other mechanistically relevant endpoints should employ human epithelial cells
* (primary cultures when possible) rather than cell lines of mesenchymal origin or immortalized or
tumor-derived cell lines. Greater attention to species and celi type selection would minimize problems
related to the interpretation of results obtained in tissues that differ in important ways from normal

human epithelium, which appears to be the most common target for arsenic carcinogenesis.
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V. OBSERVER COMMENTS

At several different points during the meeting, Dr. Preston opened the floor to comments from the
observers attending the workshop. The observations and suggestions offered during these comment

periods are summarized below, along with any responses from members of the expert panel.

George Parris, AWPI

Noting that arsenic occurs in many different types of molecules and that these different forms may
have different effects, this commenter urged greater attention to issues related to both the qualitative
and quantitative differences among the various species. From a regulatory perspective, he thought it
would also be important to make a clear distinction among the effects associated with different routes

of exposure.

- Dr. Aposhian agreed that it is important to distinguish among the various species as much as
possible. In response to the comment about route of administration, he noted that the focus of the
workshop on drinking water implied a focus on oral exposures. That said, however, he expressed the
view that inhalation exposure is likely to become a much more serious problem as emissions from
smelters in Mexico begin to cause health problems in the southern United States. He also
commented on the sharp contrast between the cooperation evidenced by the waterworks industry and
the lack of cooperation from the mining and smelter industries, which have historically been reluctant

to cooperate with researchers attempting to sort out the health effects of arsenic.

Marc Mass, EPA Health and Environmental Effects Research Laboratory

After noting that his comments do not reflect EPA policy, this observer remarked on the
conspicuous lack of attention throughout the panel's discussions to the lung as a target tissue for

arsenic, particularly since the 1ARC classification of arsenic as a carcinogen is based on the incidence

of lung cancer in smelter workers.

Regarding a reference to his own work that had been made during the discussion of arsenic's
mode of action, the commenter noted that although his group has demonstrated hypermethylation of
DNA induced by arsenic, another laboratory (results unpublished) has shown hypomethylation.

Because of this, he suggested that it might be more accurate to describe arsenic as an agent that



changes DNA methylation patterns rather than as a hypermethylating agent. The observer also
thought that in its discussion of replication fidelity, the pane! should consider the work of Larry Loeb,
who has demonstrated that neither arsenite nor arsenate has an effect on DNA replication in isolated
systems.

With respect to questions of afsenic speciation, the commenter suggested that it is important to
consider the implications if some or all of the carcinogenic activity of arsenic is actually due to the
methylated metabolites. If this were true, it might mean that responses to arsenic could be supra-
linear at low doses, since that is the region of the dose-response curve where metabolism would
presumably be most efficient. Likewise, risk would tend to increase with methylation efficiency, rather

than decrease, as would be the case if methylation functions as a detoxification mechanism.

In response to this comment, Dr. Aposhian noted that his group has been very interested in
studying tumor incidence rates in the subset of animals that metabolize arsenic by processes other
than methylation (e.g., marmoset monkeys and chimpanzees). In addition, he thought it important to
keep in the mind the large variation in rates of arsenic metabolism in humans, which may suggest

some sort of polymorphism.

Dr. Rossman pointed out that in at least one study arsenite has been shown to be mere active
than MMA or DMA, by several orders of magnitude, in producing chromosomal aberrations. Dr. Park
noted that while supra-linearity is common in the observable dose range, it has never, to his
knowledge, been demonstrated at low doses; the reason for this, he speculated, is that supra-linearity
usually involves saturation of some sort, which is by definition a high-dose phenomenon. Dr. Issa
suggested that it would be difficult to establish a role for hypomethylation in tumorcgenesis, since
hypomethylation is a very generalized phenomenon in tumors and is also a normal physiclogic

response to proliferation.

Howard Greene. ARCO

The commenter began by noting that he represents the Environmental Arsenic Counclil, a group of
companies interested in promoting the use of sound science in the development of a new and
improved arsenic risk assessment. He indicated that the Council agrees with the panel's conclusion
that there is a sufficient body of evidence to support the use of a nonlinear or threshold modetl in
describing the relationship between arsenic and skin cancer and that there is no evidence that arsenic
acts as a direct carcinogen. Regardless of the model adopted, however, the Council believes that the

risk assessment should not be based on the Taiwanese data, due to the peor quality of both exposure
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estimates and prevalence data in the Tseng study. The commenter also said that the Council urges

the expert panel to encourage EPA to finalize the arsenic risk assessment and to include a range of

risk extrapolations rather than a single value for arsenic within the IRIS database; in addition to more
accurately reflecting the current state of knowledge about arsenic carcinogenicity, a range of values

might also give risk managers a better appreciation of the amount of uncertainty in the risk

assessment.

Dr. Preston thanked the observer for his comments, but noted that the charge to the panel wasto
review the available literature and determine what conclusions could plausibly be drawn about a mode
of action for arsenic. Although he indicated that it might be appropriate for the panel to suggest ways
of reducing the uncertainty associated with these conclusions, he thought that the types of
recommendations suggested by the observer would be outside the Agency's charge to the panel.

Saskia Mooney, Weinberg, Bergeson & Neuman

This observer stated that she had been sent to the meeting specifically to ask Dr. Rossman
whether the results of recent epidemiclogic studies could be explained by her work showing a lack of
immunologic responses to arsenic in keratinocytes. Dr. Rossman indicated that her work did not
address immunologic responses. Further, she felt that it would be quite a stretch to attempt to explain
the results of human epidemiologic studies based cn the kinds of work she has been doing in the
laboratory. A more fruitful line of inquiry, she suggested, would be to take lymphocytes or fibroblasts

from arsenic-exposed individuals and see whether those have or have not become tolerant to the

effects of arsenic.

David Craigin, ELF Atochem North America

While recognizing that the charge to the panel was to advise EPA regarding a plausible mode of
action for arsenic, this observer suggested that the panel emphasize to the Agency the importance of
a risk assessment that is relevant to the real world. Presently, he noted, the MCL for arsenic is 2,777
. times higher than the risk-based Clean Water Act criterion; as a result, calculated criterion levels for
arsenic are typically 10- to 100-fold below natural background levels, and target levels for soil and
water often turn out to be far lower than normal dietary exposures to arsenic. As a step toward
correcting this problem, the commenter urged the panel to direct EPA's attention to studies suggesting
that arsenic is a required nutrient in at least some species, and to take background exposure levels

into consideration when thinking about the possibility of a threshold in the dose-response curve.
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in response td this comment, Dr. Aposhian said that he thought it very important for EPA and
other federal agencies to be more cognizant of ways in which their efforts do or do not help suffering
humans; based on his own experience, he worries that EPA and other agencies sometimes get more
focused on meeting a paper-based criterion cleanup level than on assuring that the very real health

needs of exposed individuals are adequately addressed.

Charles Abernathy, EPA Office of Water

As an example of inter-individual variation in responses to arsenic, this commenter described the
results of a case in Latin America in which only one member of a family exposed to arsenical
pesticides exhibited any symptoms. Further investigation indicated that the affected individual was
deficient in 5,10-methylene-tetrahydrofolate reductase, an enzyme involved in the methylation

reactions.

Regarding the issue of dietary arsenic intake, the commenter pointed out that arsenic in the diet
occurs mostly in the form of organic arsenicals. According to the FDA food basket survey, human
dietary intake of arsenic is roughly 50 ng/day, but only about 10 to 15 ng of this is inorganic arsenic.
.Although inorganic arsenicals are occasionally methyléted by fish and shelifish, they are much more
commonly metabolized to arsenocholine or arsenobetane derivatives, which are far less reactive and

far less toxic than the methylated metabalites of inorganic arsenic.

Commenting on the epidemiologic studies that have been conducted to date, this observer noted
that what all of the U.S. studies have in common is their lack of statistical power. In the Utah study,
for example, it was not possible to determine whether the observed difference in nerve conduction

velocity was significant, as the study was too smalil.

Other problems plague interpretation of the Tseng study. Among these is the researchers' use of
the Natelson method for analyzing arsenic levels, which fails to pick up some species altogether.
Moreover, the Natelson method has a detection limit of 30 xg/L and a quantification limit of 80 ng/L; in
spite of these methodologic limits, however, the data include many numbers in the 10 to 30 ng/L

range.



Yung-Pin Liu, National Cancer Institute

After noting that the National Cancer Institute's only 1997 grant for arsenic-related work was
awarded to panelist Toby Roséman, this observer announced that the Institute is planning a 3-day
workshop on Arsenic Health and Research Issues, which has tentatively been scheduled for
September 22 to 24, 1997. This meeting, which is being co-sponsored by the National Institute for
Environmentat Health Sciences and by EPA, will take a more research-oriented look at some of the

questions that remain about arsenic's mechanism of carcinogenic action.

Roseanne Lorenzana, EPA Region X

Noting that EPA Region X has been directed to perform site-specific risk assessments for tribal
villages in Alaska that are using groundwater with elevated arsenic levels as a drinking water source,
this observer asked the panel to comment on particular measures of both exposure and response that

should be monitored in these populations.

Dr. Aposhian responded that by using a technique such as DMPS, it is now possible to get a
much better idea of the body burden of arsenic than was previously passible. Dr. Park encouraged as
much reliance as possible on direct measures of exposure, and as little as possible on modeling. Dr.
Issa commented that it might be interesting to look at chromosomal anomalies in shed cells, but Dr.
Preston said that this would make sense only if there were reliable techniques for correlating dose
with exposure. Dr. Klein-Szanto thought that it would also be important to establish what exposure

individuals or the study population as a whole may have had to other putative carcinogens.

William Marcus, EPA Office of Water

This observer described the results of two recent studies of arsenic conducted in the United
States. One of these studies, conducted near a Baltimore plant that produces organic arsenicals,
used zip code and meteorologic considerations as a surrogate for exposure; in this study, there was
an increase in arsenic load and a decrease in nerve conduction velocity in children. A second study,
conducted near a plant in Washington state and using a nearby aluminum production facility as a

control, also found decreases in nerve conduction velocity, particularly in children.

To enhance the statistical power of epidemiologic studies, this observer recommended

stratification of the study population by methylation potential. Against such a background, he thought
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that it would probably be possible to pick up significant effects, at least in places such as Alaska,
where exposure levels are unusually high. In addition, however, it is important to control for sufficient

protein and vitamin consumption in these populations.

Daniel Byrd, Inner Mongolian Cooperative Arsenic Project

This commenter began by noting that the project‘he represents began in the early 1990s, when he
and his colleagues conducted studies in a number of different arsenic-exposed populations and found
that the tumor incidence data in these populations were in both qualitative and quantitative agreement

.with the results of the Taiwanese study. Noting that the results of these studies have been published,
he questioned why these data were not included in the material reviewed by the expert panelists. In
recent years, the group has focused on a population in Inner Mongolia; epidemiclogic results from this
population have been published in the Chinese literature and translations are beginnihg to reach the

English-speaking press.

In addition to the Inner Mongolian studies, this observer thought that the panel should be aware of
a re-analysis of the Taiwanese cohort conducted by Ken Brown and C.J. Chen. Although there
remain problems with the exposure data, the response data have now been sorted out almost to the
level of individuals in the villages. Given his understanding that dose-response curves are empirical
rather than theoretical entities, the observer suggested that the panel consider these studies as part of
their deliberations. In response to Dr. Aposhian's request, the ocbserver agreed to provide copies of

the papers he had described to the panel.

Gary Carlson, Purdue University

Noting that many of the initiation/promotion and in vitro studies for arsenic were done using DMA,
this commenter wondered how the panel's confidence in any particular mode of action addresses the
uncertainty as to which arsenic species is really the "bad actor.” Presumably, if DMA is the main
carcinogen, methylation would be considered an intoxication process; if DMA exerts the same sort of
protective effect for carcinogenesis that it is believed to exert in the setting of noncancer endpoints, -

however, methylation would represent a detoxification.

Dr. Rossman observed that the high concentrations of DMA used in many animal and cell culture
experiments may be of little real relevance, since these concentrations are unlikely ever to be reached

in vivo. If arsenite is toxic at 10 millimolar, it really doesn't matter that DMA isn't toxic until 100
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millimolar, unless the exposure were to DMA itself. She also disagreed that DMA has been shoWn to
be the "bad actor” in cell culture studies, suggesting that a peroxy radical actually causes the

damage.

Dr. Aposhian added that it has only been in the last year or so that toxicologists have begun to
question whether the methylation of arsenic is really a detoxification reaction. That there are
numerous speéies that do not methylate arsenic suggests to him that methylation is certainly not the
only, and may not even be the primary, detoxification pathway. Although it is so far difficult to
demonstrate, his group is currently exploring protein binding as an alternative pathway for arsenic

detoxification.

Harvey Clewell, ICF Kaiser

This observer commended the panel for its thoughtful approach to the question of linearity versus
nonlinearity in the dose-response curve for arsenic, noting that epidemiclogists seem to have believed
for some time that the curve is noniinear, but toxicologists haven't gotten very far in their efforts to
explain why this might be. Because of the panel's deliberations, this observer thought that it would be
much easier for EPA to decide on an appropriate margin of safety for drinking water despite knowing

only that tumors are likely to occur at some much higher level of exposure.

Amold Kuzmack, EPA Office of Water

This observer noted that an appropriate margin of exposure for arsenic would also need to take
into account the difference between skin tumors, which pose relatively little risk to life, and internal
tumors, where the risk is greater. In addition to clarifying the mode of action for arsenic, therefore, it
will also be important to determine what the weight of evidence is for arsenic as a carcinogen in the

setting of internal cancers.

Bernard Waaner. Waaner Associates. Inc.

This commenter pointed out that the Armed Forces Institute of Pathclogy maintains an extensive
registry of pathology that goes back to the mid-1800s, and he suggested that this data might be useful
in looking at whether there is any correlation between the distribution of tumors in the United States

and the areas where arsenic is elevated in drinking water. Noting that he had not attended the first
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day of the workshop, the commenter also asked whether the panel did or did not consider low-dose
arsenic in drinking water a human carcinogen. Dr. Cohen, to whom the question was addressed,
responded that in concluding that the dose-response curve is probably nonlinear, the panel is also
concluding that there is some low dose at which arsenic is probably safe. The problem, however, is

that neither the panel nor anyone else knows what that dose is.

Paul White, EPA Office of Research and Development

Noting that the panel seems to agree that much remains unknowh about the mechanism of
arsenic carcinogenicity, this observer expressed surprise at the relative ease with which the panel was
able to conclude that the dose-response curve is nonlinear and may involve a threshold. One reason
for his concem has to do with diversity in the human population, and another with the possibility that
arsenic may act as a co-carcinogen. In view of the statistical literature suggesting that compounds
that add on to an ongoing process of carcinogenesis tend to have linear dose-response curves in the
low-dose region, this observer urged the panel to think more about the additivity issue. Dr. Preston
responded that the charge to the panel was to determine whether what is known about arsenic's mode
of action can be used to predict the general shape of the dose-response curve; although the risk to
specific populations is certainly something that should be considered by risk assessors, the question
of sensitive populations was not among the issues the panel was asked to address. In addition, a
form of nonlinear dose-response curve has an effectively linear slope at very low exposure levels,

which would be consistent with the observer's comments.
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H. Vasken Aposhian

Arsenic Carcinogenicity Comments

There are many problems concerning arsenic and cancer of which we are virtually
ignorant and which need extensive study.

1. Arsenic speciation. Which species, arsenate, arsenite, methylarsonic acid containing
As” (MMA") or dimethylarsinic acid containing As’ (DMA") cause cancer or are
promoters? These are the most recognized of the arsenic species. However, MMA™
(and even DMAF) is certainly an intermediate in arsenite methylation but it has neither
been measured or isolated in vivo. It has been chemically synthesized and is available
but no studies on its mutagenic and carcinogenic properties have been performed.
Studies using 400 ppm DMAY and claiming cancer induction in rats after pretreatment
with five carcinogens can be criticized not only because of the very high DMA dose but
also because the rat is not considered to be a good model system for studying arsenic as

stated below.

~ 2- Animal species studied. Many investigators have studied the mutagenic and
carcinogenic effects of arsenic in the rat. These results should be viewed with a great
deal of caution, if not outright irrelevance as a model system for the human. The rat is
unique in that DMA is bound and acccumulates in the red cells. The National Research
Coundl (1) has recommended that the rat not be used to study arsenic metabolism
because of the rat’s unique handling of DMA.

3- The diversity of the methylating enzymes of arsenate/arsenite metabolism. With
the recent purification and characterization of arsenite methyltransferases (2,3),
meaningful experiments could be performed. These enzymes, which are found in the
liver of rabbit, rat, mouse, hamster, pigeon and rhesus monkey, are deficient in the
marmoset monkey, tamarin monkey, squirrel monkey, chimpanzee, and guinea pig (3,4,
5). The literature often states that methylation only takes place in the liver. It has now
been demonstrated that in the male mouse, the specific activity of these enzymes is
greatest in the testis>kidney>liver=lung (6). Whatis disturbing is that such activity has
not been found in human liver as yet. Whether this is due to the unavailability of fresh
human liver (removed within 1 hr of death) or other reasons is unknown at the present

time. Because of the extensive species diversity as to the amount of arsenic species
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excreted in the urine, and the diversity as to the amount of the arsenite
methyltransferases in the livers of a number of animal spedies, the use of human tissues
and other human studies should be encouraged bv increasing the resources to _elucidate
some of the questions dealing with the metabolism, mutagenicitv and carcinogenicitv of
arsenic species. The availability of freshlv harvested human tissue is, to say the least,
very limited but urgently needed. Not only is the tissue expensive when available but

the logistics of tracking it down is extremely time consuming.
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CONMENTS REGARDING CANCER RISK ASSESSMENT OF
ARSENIC.

There are several aspects of the cancer risk assessment for arsenicals in humans which will
be better covered by experts in those respective areas. I will provide a brief summary of
some of these points as they pertain to my interpretation, but I will focus primarily on the

studies involving carcinogenicity of arsenicals.

Arsenic has been identified by epidemiologic and case reports as being associated with the
development of cancer in humans, most notably the development of skin cancer, but more
recently with the possible development of cancer of internal organs, especially the urinary
bladder, but also liver, kidney, and possibly colon. Extrapolating from experimental results
and epidemiologic studies to estimates of possible cancer risks to humans exposed to low
doses of arsenic is the critical issue. The reports of cancer in humans related to arsenic
exposure have been at high doses, whereas all people are exposed to arsenic at some level,

usually at much lower than the exposure levels reported associated with cancer development.

There is considerable evidence that inorganic arsenicals are more toxic than the organic
forms. Metabolically, there is rapid interconversion between Arsenic 5 and Arsenic 3, as
well as mono and dimethylation of the arsenic species in vivo. Variations in metabolism

between species have been identified.

A critical factor in evaluating the carcinogenicity of arsenicals is determination of
genotoxicity. For the most part, arsenic and arsenicals are considered to be non-genotoxic,
i.e., they do not react directly with DNA. In vitro and in vivo short term screens for
genotoxicity have been negative. However, indirect damage to chromosomes has been
reported, including positive results in studies for chromosomal aberrations, micronuclei, and

sisterchromatid exchange. Because of the mdirect nature of the damage to the chromosomes,

W
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there has been a general consensus that the effects of arsenicals is a high dose (relatively
speakmg) phenomenon. The issue of dose extrapolation is a key to the decisions regarding

establishment of “safe” levels of human exposure in the drinking water.

Epidemiolo gic studies have clearly shown a relationship between arsenic exposure and the
development of cancer in humans. However, there are numerous difficulties in trying to
draw conclusions with respect to the dose response. For the most part, a careful
identification of the exposure levels of the experimental and control groups has not been
accomplished, partly due to difficulty in measuring arsenic levels and metabolites, but also
in trying to establish biomarkers mdicative of long term exposure. In addition, several of
the epidemiologic studies involving cancers of internal organs have failed to take imto
account confounding factors. For example, i studies on bladder cancer, identification of the
cigarette smoking status of the imdividuals is essential, as is exposure to other potential
environmental chemicals related to the development of bladder cancer. With liver cancer,
it is essential that there be an identification of other potential toxicities to the liver, such as
aflatoxin and nitrosamine exposures, but more importantly, the association with hepatitis B
and C viruses and with heavy alcohol consumption. Careful delineation of these

confounding factors in any study is essential.

Until recently, considerable difficulty has been involved with risk assessment of arsenic
because of the lack of an appropriate anmmal model It is only in the past few years that there
has been association of an increased risk of certain types of cancer in animals exposed to
various doses of arsenicals. In general, this has usually involved administration of
dimethylarsenic acid (DMA) to rats or mice. In the studies by Fukushima et al, this has been
most commonly related to development of bladder cancer, kidney cancer, or liver cancer

following administration of DMA after prior administration with a known carcinogen, such
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as N-butyl-N-(4-hydroxybutyDnitrosamine (BBN). In these studies, it has generally been
observed that doses above 10 PPM n the drinking water have been associated with an

increased risk of cancer development in various tissues, but doses below 10 PPM have
generally been negative. The results at dose exposure of 10 PPM have been equivocal
Importantly, in his and other published studies, DMA has not been carcinogenic, although
a full two year bioassay has not been published for these studies. Yamanaka et al, have
shown that DMA administered after 4-nitroquinoline 1-oxide increased the risk of lung
tumors in mice, with a dose response suggesting that doses above 10 PPM are positive but

those below are negative. DMA by itself was negative.

All of these results in animals taken together suggest that the carcinogenicity of arsenicals
appears only at relatively high doses. This in keeping with its apparent non-genotoxicity and
the relationship of the carcimogenicity to increased cell proliferation, possibly secondary to
regenerative hyperplasia following toxicity. These animal models should be able to provide
a resource for more defmitive studies on the mechanisms of action mvolved m the

carcinogenicity of arsenicals.

In animal studies, the issue has yet to be resolved as to why an organic arsenical, DMA, has
led to an increased risk of certain types of cancer in contrast to the lack of effect with
inorganic arsemnicals. Recently, results from the laboratory of Dr. Shoji Fukushima in Osaka
City University Medical School, in Japan, suggest that it may be related to the metabolism
of these different agents in the rat. DMA leads to a so far unidentified metabolic product at
high concentrations in the urine which is not present in animals exposed to inorganic arsenic.
The doses of morganic arsenic that are administered are relatively low compared to those of
DMA because of acute toxicity related to the inorganic arsenical. Careful studies regarding
the metabolism and toxicity of the different arsenicals should be helpful in resolving issues

regarding relative risks in the different arsenicals.
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The results in animal studies and the genotoxicity support the hypothesis that in humans,
arsenicals pose a carcimogenic hazard only at relatively high doses. The difficulty, is that we
currently do not have the data necessary for identifying what an appropriate “low” dose is
for human exposures. This will require much greater detail regarding exposure levels in
highly exposed populations, as well as careful epidemiologic studies taking into account

confounding factors.

ATl of the data so far strongly support a mode of action suggestive of a nonlinear dose
response. This is supported by the studies based on direct genotoxicity, amimal
experimentation, and human epidemiology. The possibility that arsenic is an essential
dietary component also supports the hypothesis that low dose exposures do not pose a

carcmogenic hazard to humans.

In summary, there is strong evidence that arsenic is a human carcinogen, but the evidence
supports the concept that it is at a relatively high dose compared to low dose exposure.
There is considerable uncertainty, however, as to what the dose response relationship is from
the relatively high doses to the usual levels of exposure In human populations due to drnking

water consumption.



Jean-Pierre Issa



Jean-Pierre Issa, MD
Arsenic Panel

Introduction '

Arsenic (As) is classified as a human carcinogen based on epidemiologic studies of populations
exposed to relatively high levels of As from contaminated water supply, or through inhalation.
Arsenic appears to act as a carcinogen primarily through non-mutagenic pathways, but the
precise mechanism of action (MOA) of As in causing tumors remains unclear. The primary
charge to the reviewers on this panel is to review the available evidence for a mechanism of
action relating As to carcinogenicity. Secondary goals include a determination of the proper
dose-response relationship that exists for this MOA (liner vs. non-linear). I will limit my

comments here to my general areas of expertise.

General Comments

Determining the relevant MOA of any carcinogen is a difficult task because of the limitations of
in-vitro analysis, and the difficulties in performing/interpreting in-vivo studies. This is
particularly difficult for a non-mutagenic carcinogen, and is quite challenging for As given the
lack of an appropriate animal model for cancer induction by this metal compound. Nevertheless,
a large body of data has now linked As exposure with various physiologic alterations that each
could be responsible for the enhanced cancer rate in exposed individuals. However, the most
compelling data linking a particular carcinogen exposure with in-vivo tumorigenesis comes from
detailed studies of molecular alterations and mutational spectra in tumors from patients exposed
to the carcinogen under study. Such studies have revealed ‘signature’ lesions for some
carcinogens such as Aflatoxin and UV radiation, and have confirmed the important role these
agents play in human tumors. Unfortunately, very few studies have addressed this issue for As
related tumors. In the absence of this crucial data, any proposed MOA for As related

carcinogenicity must be considered tentative.

Specific Comments
In this section, I will address some of the issues related to determining a MOA for AS related
carcinogenicity, and discuss in some detail the proposed link between As exposure and aberrant

DNA methylation.

1. Is As a mutagen? Most studies performed over the past two decades have found no

appreciable mutagenicity for arsenite or arsenate. While the bulk of the evidence suggests that



Jean-Pierre Issa, MD
Arsenic Panel

As 1s non-mutagenic, a recent study (W iencke et al.) using a novel test for mutagenesis
revealed that, at 5 Um concentration, arsenite induced a significant increase in the frequency
of mutations. While this could potentially be due to altered DNA repair or oxidative damage
to the cell (see below), further studies of arsenite effects on mutagenesis using novel sensitive
assays appear to be warranted. Nevertheless, the present consensus that arsenic is essentially
non-mutagenic appears to be solid.

. As and DNA repair. There is ample evidence from multiple studies suggesting that As delays

and/or inhibits the repair of DNA damage induced by various agents, and increases mutation
rates synergistically with several common carcinogens. The interaction between As and UV
radiation is especially interesting since skin tumors are one of the most common features of
As carcinogenicity. The mechanism of this As induced inhibition of DNA repair may well be
due to its inhibition of DNA ligase and/or other enzymes involved in DNA synthesis and
repair. Alternatively, As may potentiate oxidative damage to DNA through an unknown
mechanism. While this effect of As on DNA repair may be considered a leading possibility
for a MOA of As carcinogenesis, until the mutational spectrum of several genes in As related
tumors is known, this conclusion must be considered unproven. In particular, some studies
have suggested that As delays the repair of UV induced pyrimidine dimers. If that is the case,
then such mutations should be prominent in the spectrum of P53 gene mutations in the skin
tumors of exposed individuals. What little data exists to address this has not confirmed this
hypothesis (see below).

. As and DNA methvlation. Cytosine DNA methylation within promoters has recently emerged
as an alternative mechanism for inactivating tumor-suppressor genes. Nickel, another non-
genotoxic carcinogen appears to induce aberrant DNA methylation and chromatin changes
that have been postulated to play a role in its carcinogenicity. One study (Mass et al.) has
addressed the effects of As on DNA methylation, and the DNA methylation machinery. In this
study, it was found that As induced (1) increased Cytosine-5-DNA-Methyltransferase activity,
(2) increased overall cytosine methylation and (3) apparent de-novo methylation in the
promoter of the P53 gene. Strikingly, this de-novo methylation involved cytosines that were
not part of the CpG dinucleotide, an extremely uncommon occurrence in human tissues. The
authors speculated that As carcinogenicity may relate in part to its effects on DNA
methylation. These data, however have to be interpreted with some caution; Increased

Cytosine-Mtase activity and changes in overall DNA methylation are relatively non-specific
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events that have been seen with a variety of carcinogens, and can be observed if a cell is
induced to proliferate. P53 promoter methylation is a very intriguing finding. There are,
however some technical limitations inherent to the assays utilized, and the data needs to be
confirmed using other methods, and perhaps other genes. Most importantly, however, P53
promoter methylation has never been reported in human cancers. This proposed mechanism of
action must therefore be considered speculative until a thorough analysis of human tumors
from patients exposed to As is performed. In particular, if P53 mutations are rare in these
tumors, and P53 methylation is found in its promoter, than this molecular lesion could be
considered a signature lesion for As exposure. Again, the little data available on P53
mutations in As related tumors is conflicting in this regard.

. Other potential MOA for As carcinogenesis. As induces increased chromosomal aberrations

in exposed cells, including large chromosomal changes, sister chromatid exchanges,
micronuclei formation and gene amplification. Some of these changes can be detected in
exfoliated cells in urine specimens from exposed patients; These anomalies are relatively non-
specific and not always reproducible. They may also partly relate to As effects on DNA
repair. As also appears to potentiate oxidative DNA damage, and this again could contribute
to its carcinogenicity. As has also been shown to induce changes in gene expression,
including upregulation of heat-shock proteins and some growth factors. Whether these
changes are a simple response to As toxicity, and whether they could contribute to
carcinogenesis is unknown. Nevertheless, it is possible that As increases the incidence of
cancer by a mechanism totally unrelated to its effects on DNA. For example, it is possible that
As toxicity causes tissue remodeling with chronic stimulation of otherwise quiescent stem
cells. This inflammation/injury type of response could lead to an increased cancer rate,
independent of DNA effects.

. Mutational spectra in As related tumors. Only two small studies have addressed this issue.

Shibata et al. have sequenced the p33 gene in 13 urothelial tumors in an area endemic for
black foot disease that is related to high As in well water. 8 cases had mutations, with a
similar spectrum as urothelial tumors from unexposed patients. No correlation with As
exposure was reported in this study. Hsieh et al. studied Ras and p33 mutations in 16 As-
related skin tumors. No mutations were found, which is distinctly different from UV related
skin tumors and, if confirmed in other larger studies, weakens altered DNA repair as a MOA

for As carcinogenesis. Thus, these two small studies reached opposite conclusions. To my
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knowledge, no studies on chromosomal aberrations, loss of heterozygosity, microsatellite

instability or promoter methylation have been reported on As related tumors.

Conclusions

While the epidemiologic data linking As and carcinogenesis is strong, a specific MOA for this
association remains somewhat speculative at the present time. DNA repair alterations may be an
attractive candidate for this MOA, but a more definitive answer will have to await careful
molecular studies in tumors from patients exposed to As. It is recommended that a bank of
tumors from patients exposed to high levels of As and conﬁ’ol patients be established to facilitate
such molecular studies (p53/Ras/Patched mutations, P16 deletion/methylation/mutation, gross

gene amplification/deletion by Comparative Genomic Hybridization etc.).
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Preliminary Report on Arsenic Carcinogenicity . May 1, 1997

A. Klein-Szanto

Pre-meeting Comments

The charge to the panel contains a number of issues that directly or indirectly pertain to
the modes of action (MoA) of arsenic carcinogenicity. Thus, my preliminary comments are
generic and aimed at summarizing my reaction to the proposed MoA’s found in the recent
literature.

Mechanism of Acton:

A preliminary glance at the literature indicates that relatively little is known and that the
information is fragmented and inconclusive. There are many papers demonstrating a
variety of pleiotropic effects in vitro, all or most of which are compatible with propertes
of tumor promoters. In addition there are a couple of in vivo studies suggesting the same
mechanism. Since the mechanisms of tumor promotion are rather complex, this does not
necessarily clarify the issue. '

A review of the papers published in the last ten years show a preference for the following
three modes of action (MoA):

Induction of active oxygen species.
2)Alterations induced by methylation related to biotransformation of arsenical compounds.

3) Effects on DNA repair mechanisms

Induction of active oxygen species.

The induction of free radicals by arsenic exposure is quite well documented in
experimental work. ,

The role of active oxygen species has been researched in the past and has many adherents
who have proposed a significant role of free radicals in multi-stage carcinogenesis and
specifically during tumor promotion. Although free radicals have tumor promoting effects
in the traditonal skin carcinogenesis model, they are not very strong promoters. Active
oxygen species also induce omithine decarboxylase (ODC), which is widely accepted as a
marker of cell proliferation and tumor promoting effects. DMA and arsenite have been
shown to increase ODC activity in rat tissues, thus directly or indirectly through free
radical formation, there is evidence that arsenic compounds could be regarded as tumor
promoters. The work of Fukushima’s laboratory certainly shows the umor enhancing or
promoting effect of DMA in vivo.

Free radicals are also genotoxic and a combination of the promoting plus genotoxic effects
could indeed account for the carcinogenicity of arsenic.

11



Alterations induced by methylation

Detoxification of arsenic occurs through methylation and the methylated compound DMA
has been shown to be a mmor promoter-like agent in rat urinary bladder, liver, etc. It has
been speculated that the methylation pathway of biotransformation of arsenic could in
some way interfere with methylation of DNA, eventually leading to hypermethylation or
hypomethylation of important target genes. The only paper providing preliminary evidence
for this MoA is the one from Dr. Mass indicating that exposure of a human lung
adenocarcinoma cell line to inorganic arsenic produces hypermethylation of the promotor
region of the p33 gene.

Although this finding is exciting, much more work is needed to clarify this putative MoA.

Effects on DNA repair mechanisms

Although arsenic compounds are usually described as being non-mutagenic in the
mammmalian and bacterial test systems, there is an increasing body of literature indicating
increased mutagenicity and clastogenicity when arsenic is used with other mutagens. Dr.
Rossman has worked in this field and is much better qualified to review this area.
Similarly, there are reports describing the inhibitory effects of arsenic on DNA repair
processes.

This MoA does not seem to be very popular in some reviews on this topic. Nevertheless, it
should be considered as a an important and probable MoA given the numerous reports on
chromosomal abnormalities in human populations exposed to arsenic in the drinking
water.

Tentative Conclusion

An optimistic view is that any of these MoA’s alone or combined could account for the
carcninogenicity of arsenic. On the other hand a pessimist could justly assert that most of
the evidence for these MoA’s is insufficient and even sometimes anecdotal. Most of the
evidence although inconclusive, point to arsenic as a tumor promoter. Fukushima and
collaborators (Yamamoto et al. and Wanibuchi et al.), in the only successful study of its
kind, have certainly showed a tumor promotion- like effect of DMA in rats.

My conclusion is that more work is needed and that these three MoA’s are likely but not
necessarily the final candidates that will explain arsenic carcinogenicity.
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Expert Panel on Arsenic Carcinogenicity: Premeeting Comments
R. Julian Preston, CIIT

Arsenic is unusual in that it is described as being a human carcinogen but not a
rodent carcinogen when tested in a standard two-year bicassay. Thus, the classification
as a human carcinogen in this case relies exclusively on epidemiclogical data, for which a

fairly extensiva erature is claarly indicative of a role for arsenic in tumor induction. Thess
studies are essentally the hazard identification step for a risk assessment, with less
refiability for dose response determination, especially at low environméntal exposures.
To begin to describe the dose response curve for arsenic-induced tumers it is necessary
to use surrogates for the turmor response. It can be argued that since cancer is a genetic
disease, the result of a series of mutations (point mutations, structural and numerical
chromosoms alterations) then data for arsenic-induced mutations should provide a
qualitative estimats of doss responsa curve shaps for tumor induction at low exposures.

In addition to selecting the appropriate response endpoint for use in dese response
assessment, it is also necessary o establish the appropriate measure for effective dose.
The human studies have been rather incondusive as regarnds arsenic exposurs, and so
here ingested or inhaled dose is largely unknown. Arsenic is converted to methylated
forms that are excrated, and it appears that this is more effective in rodents than humans,
providing a possibie explanation for species differences in response, given that the
methylated forms appear to be lass genctoxic than incrganic arsenic. Thus, effective
dose might be the amount of inorganic arsenic in the cells of a target tissus, or at least, for
in vivo genotoxicity studies, amount of inorganic arsenic in the tissue being analyzed.

A range of genotoxicity studies point to arsenic being genctoxic and also acting as a
comutagen, quite pessibly through inhibition of DNA repair processes or at the level of
transcription. As an inifial consideration of the risk assessment for arsenic at low
exposures, it would seem to be more appropriate to consider its genofoxicity, and then to
consider its comutagenic effects as a secondary assessment.

In an idea! sense, a complete understanding of the mechanism by which arsenic
induces genstic alterations {and cancer) is needed to define the cancer risk at all exposure
levels. Howsver, it is to be noted that, in the absencs of such 2 complete understanding,
knowiedge of the mode of action can be used to reduce the uncertainty in risk
assessment, and help establish whether ¢r not a linear defautt is the appropriate
extrapoiation from the lowest cancer effect leval. The 1898 US EPA Proposed Guidelines
for Carcimogen Risk Assessment allow for a namative risk characterization that
incorporates mede of action.
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What is known about the genotoxicity of arsenic with regard to profile and
mechanism? Arsenic is unusual, although not unique, in that it does not appear to induce
point mutations in standard bacterial assays, or to interact directly with DNA, but it does
induce chromosomal alterations (aberrations and sister chromatid exchanges) both in vitro
and in vivo. The profile is not clean, with not all studies reporting positive clastogenicity
responses, especially for sister chromatid exchanges. For chromosome aberrations, the
dose responsa curves are genearally nenlinear, that coukd rasutt either from two DNA
lesions (d‘ngdiy or indirectly produced by arsenic) being necessary for a majority of the
aberrations, or from an effect tpon DNA repafr.

It is difficult to expiain a complete absence of point mutations sincs, in general, for
the majorily of chemicals, chromosome alterations and point mutations result from ervors of
DNA replication on a damaged template. The mutagenicity profile could be indicative of an
effact on DNA repair that leads to misrepair events in the form of aberations enly. In this
case, it would be predicted that chromosome-type abemations, involving both chromatids
as observed at metaphase, would be produced in cells in G4. The data generally report
the observation of chromatid-typse abemations, typically produced in G2 or S, by radiation
or radiomimetic chemicals. The human lymphocyte data show that chromatid-type
abemrations are produced by arsenic exposure even in Gg/Gq cells. if arsenic is indeed
affecting DNA repair processes leading to a higher proportion of DNA damage in the S-
phase, then the absence of point mutations is somewhat surprising, afthough an
exhaustive sat of studies on the induction of point mutations in humans and laboratory
animais exposed i vivo has not been conducted. At this point, mode of action, namely a
dear praference for the induction of chromosome aberrations, provides quite compeliing
evidence for developing nonlinear dose response models for predicting cancer risk at low
exposuras.
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Toby G. Rossman, Ph.D.
Overview on arsenic carcinogenesis

Direct genotoxicity of arsenic:

Arsenite (the most likely carcinogen) does not cause significant gene
mutations at biologically relevant concentrations. The small amount of .
mutagenesis induced (at high dose) may be mainly deletions. It does cause various
chromosomal effects (both structural and numerical) as well as gene amplification.
Some of these effects (including deletions) may be due to oxidant stress, as arsenite
can deplete glutathione. .

The metabolite dimethlyérsi:ﬁc acid (DMAA) can produce a peroxyradical
which can damage DNA. The concentrations required for this effect may not be
biologically relevant, and cannot explain the effects of arsenite in cells which do not
methylate.

Indirect genotoxic effects:

Arsenite can enhance mutagenesis by other agents of various types. While it
appears to inhibit DNA repair in cells, such inhibition is probably indirect, since no
DNA repair enzyme has been found to be sensitive to arsenite inhibition in vitro.
One candidate mechanism might be that arsenite blocks the p53-dependent DNA
damage response, possibly by causing hypermethylation of the p53 promoter (i.e. loss
of p53 expression). This would block DNA repair.

Carcinogenesis and risk assessment:

| Although sometimes called a promoter, there is no good evidence that
arsenite promotes. Rather, it should be considered to be a cocarcinogen. It is not
clear how to model dose/response curves of a cocarcinogen at this time. Animal
experiments should be attempted using long term low dose exposures to arsenite
prior to the addition of a genotoxic insult (e.g. UVB) small enough to give a minimal
effect alone. The shape of the dose/response curve could be obtained. However, it is
possible that rodent experiments may not be suitable due to the acquisition of
inducible tolerance to arsenite (lacking in human cells). It must be kept in mind that

human cells are far more sensitive to arsenite compared with rodent cells.



Toby G. Rossman, Ph.D.
On possible mechanisms of arsenic carcinogenesis

Arsenite (the most likely carcinogenic form of arsenic) is not generally mutagenic
at single gene loci, and the very small numbers of induced mutants usually arise after
exposure to highly toxic concentrations. The figure below illustrates the gene mutations
induced by arsenite at the E coli gpt locus in an extremely sensitive transgenic cell line
(data from Li and Rossman, 1989%a). Given the very weak mutagenic activity
(significance is not reached until ~40% of the cells are killed), arsenite is sometimes

Mutagenicity of arsenite (mistakenly) considered a “non-genotoxic

at the transgenic gpt locus in G12 cells

carcinogen”. Partly because of this, the
~—m—Survival

~—0O—Mutagenesis . assumption is sometimes made that arsenite

1001 0.12p>0.05 170 s 3 tumor promoter. There is little evidence

0.2>p>0.1 =z for this view, as negative results were

8 o- 0.9>p>0.8 °;f obtained in a bioassay testing for

3 o5 promotional activity (Milner, 1969). The

5 % § metabolite dimethlyarsinic acid (DMAA).did

2 ] °s (Yamamoto et al., 1995), but the significance

3 0§~ of this finding for human exposure is
Z 404 €  questionable (see below).

7 I When Meng and Hsie (1996) analyzed

20 i the mutants resulting from another transgenic

' 1 o§ cell line treated with high concentrations of

arsenite (which still gave mutant fractions
10 only 2X background levels), the proportion of
Arsenite (uM) deletions was higher than in the

spontaneous class. At more relevant

concentrations, arsenite induces chromosome aberrations, aneuploidy, and micronuclei
(reviewed in Rossman, 1994, 1997). Micronuclei (a marker of chromosome damage) are
found in the bone marrow of mice treated with arsenite (Tinwell et al, 1991) and in
exfoliated bladder cells from exposed humans (Warner et al., 1994).

In humans, arsenic compounds are detoxified by methylation in the liver
(reviewed in Aposhian, 1997) followed by excretion in the urine. Methylated
metabolites are less toxic than arsenite or arsenate (Marafante et al., 1987). However,
DMAA caused oxidative damage and DNA strand breaks in the mouse lung as well as
in cultured cells. The strand breaks are apparently caused by the DMAA peroxy radical
- (CH3)2As00- (Yamanaka and Okada, 1994). It was suggested that this might explain
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how arsenite induces lipid peroxidation in various rat tissues (Ramos et al., 1995).
However, doubts have been expressed that humans exposed to inorganic arsenic could
accumulate sufficient DMAA (or its peroxy radical) for genotoxic effects to ensue. In
normal human fibroblasts, the potency for clastogenicity is: arsenite>arsenate>DMAA
(Oya-Ohta et al., 1996). In fact, >Zm_M_DMAA is required, whereas only 0.8 pM
arsenite was clastogenic. Since the LDsg’s for arsenite in human cells range from about
0.2-2.0 uM (Rossman et al., 1997), concentrations in the mM range cannot be biologically
meaningful for genotoxic effects in human cells. Nevertheless it is important to test the
possibility that some of arsenite’s genotoxic effects in human cells might be caused by
DMAA. »

Oxidative effects of arsenite may also be caused by caused by glutathione (GSH)
depletion. Arsenite readily reacts with GSH, and GSH is required for reduction of
arsenate to arsenite and in the reductive methylation of arsenite to DMAA (Scott et al,,
1993). In the case of fibroblasts and other cells that do not appear to methylate arsenic
and thus cannot generate DMAA peroxy radical, the most likely involvement of oxidant
stress would be via depletion of GSH after arsenite treatment. Arsenite as well as
DMAA (which is even more potent) can inhibit GSH reductase (Styblo et al., 1997),
which would also lead to oxidant stress in the cell.

The concept that arsenite induces oxidative stress is supported by a number of
other findings: 1) The addition of superoxide dismutase to the culture medium blocked
arsenite-induced genotoxicity in human lymphocytes (Nordenson and Beckman, 1951).
2) Vitamin E (c-tocopherol) protects human fibroblasts from arsenite toxicity (Lee and
Ho, 1994). 3) An x-ray sensitive, catalase deficient CHO cell variant is hypersensitive
to killing and micronucleus induction by arsenite. Micronucleus induction was blocked
by catalase (Wang and Huang, 1994). 4) Arsenite induces proteins which are induced
by and protect against oxidative stress. These include metallothionein (MT) (Albores et
al., 1992) and heme oxygenase (Keyse and Tyrrell, 1989), whose induction is blocked by
antioxidants. We have shown that MT expression gives some protection against
arsenite toxicity (even though MT doesn't have a high affinity for arsenite) (Goncharova
et al., 1995). 5) Depletion of GSH increased the toxic and clastogenic effects of arsenite
(Oya-Ohta et al., 1996).

Arsenite has been shown to enhance the mutagenicity and/or clastogenicity of
many agents (reviewed in Rossman, 1994, 1997). Arsenite inhibits the completion of .
DNA excision repair, (Li and Rossman 1989a) probably via effects on DN A ligation (Li
and Rossman 1989b; Lee-Chen et al, 1994). However, neither DNA ligases nor DNA

polymerase @ or P can be inhibited by arsenite concentrations many fold higher than
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those which can inhibit DNA repair in cells (Li, 1989; Li and Rossman, 1989b; E. Snow,
personal communication). Arsenic also appears to act synergistically in lung
carcinogenesis, e.g. with tobacco use in occupationally exposed workers (Hertz-Piccioto
et al., 1992; Choiu et al., 1995) and with radon gas in tin miners (Xuan et al., 1993).
Arsenite induced gene amplification at the dhfr locus in SV40-transformed
human keratinocytes cells, but failed to cause amplification of SV40 sequences
(Rossman and Wolosin, 1992). This suggests that arsenite does not induce signaling
typical of DNA-damaging agents (which induce SV40 amplification in this system), but
rather affects checkpoint pathways such as those involving p53, whose disruption lead
to cellular gene amplification (Livingstone et al., 1992). In fact, it is quite possible that
arsenite blocks DNA repair by interfering with cell cycle checkpoints rather than by
inhibiting repair enzymes. The tumor suppressor p53 has a crucial role as “guardian of
the genome” in the control of cell cycle progression. If damaged DNA is replicated, it

p53: "guardian of the genome"

DNAdamege ______ g, P53 upregylation

Stimulates DNA repair

inductiop of p21 f
+PCNA
+PCNA induction of Gadd45

Inhibits DNA replication | | causes transient cell cycle block
(via inhibition of Cdk's)

may be mutated or lost due to chromosome breaks. DNA damage results in an
accumulation of p53 protein, mainly via post-translational stabilization (Levine and
Momand, 1990). p33 protein temporarily halts cell cycle progress, allowing time for
DNA repair before replication (Kastan et al., 1991) or else causes apoptosis in heavily
damaged cells (Miyashita et al., 1994). Cells with mutant p53 are more likely to
continue to divide, and fail to undergo apoptosis, in spite of DNA damage to their
chromosomes (Little, 1994). Such cells also show greatly elevated rates of chromosome
aberrations such as deletions, translocations, amplifications and aneuploidy (Reznikoff
et al., 1994; Hainaut, 1995), exactly the classes of genotoxic events induced by arsenite.

p53 protein also plays a more direct role in DNA repair. Li-Fraumeni cells, which are
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p53-deficient, show reduced excision repair of pyrimidine dimers (Smith et al., 1995).
As a transcription factor, p53 causes induction of Gadd45 and ERCC3 which, along
with proliferating-cell nuclear antigen (PCNA), stimulate excision repair (See Figure
above). p53 also induces p21Waf-1/cip-1 3 protein which binds to and inhibits cyclin-
dependent protein kinases (Cdk’s) and PCNA), resulting in G1 arrest and blockage of
DNA replication. It is possible that arsenite blocks excision repair by interfering with
P53 expression or activity. Mass and Wang (1997) have shown that long-term exposure
of cells to low concentrations of arsenite resulted in hypermethylation of the p53
promoter, which is expected to result in blockage of p53 transcription. Cells with sucha
blockage would behave as p53 mutants (i.e. as Li-Faumeni phenocopies).

When p53 activity is inactivated by expression of the E6 protein of HPV16 in
human cells, UV-induced mutations are elevated about 2-fold and a large increase in
deletions is seen (Havre et al., 1995; Yu et al., in press), suggesting that deletion-prone
intermediates, such as strand breaks or gaps, accumulate during faulty repair. Arsenite
also increases UV-mutagenesis about 2-fold (Li and Rossman, 1991) and causes
increased accumulation of strand brezks or gaps in cells with DNA damage (Li and
Rossman, 1989a) suggesting a mechanism similar to that seen in cells with mutant or
inactivated p53. Spontaneous gene amplification is rare in normal cells, but common in
tumor cells which have mutated p53 genes (Livingstone et al., 1992). Double strand
breaks have been implicated as a possible cellular signal for gene amplification (Nelson
and Kastan, 1994). Arsenite causes gene amplification in SV40-transformed human
keratinocytes (Rossman and Wolosin, 1992). Although human keratinocytes are a highly
relevant system in which to study arsenite, the SV40 T-antigen inactivates the p53
protein in these cells, allowing gene amplification. It is not known whether long term
exposure to arsenite would induce gene amplification in human cells with normal p33.

No studies have been carried out identifying changes in oncbgenes or tumor
suppressor genes in arsenic-induced skin cancers. Bladder tumors from Taiwanese who
had high levels of arsenic in their drinking water showed p53 mutations (62%), mostly
transitions (Shibata et al., 1994). The most notable feature of these mutations were the
existence of double mutations in 3 of the 8 tumors which had. mutations. This is
normally an extremely rare event, and suggests genomic instability as a cause, as well as
a consequence, of these mutations. The genotoxic effects of arsenite alone might be more
likely to result in loss of tumor suppressor functions (e.g. by deletion or silencing) than in
mutation. However, by blocking DNA repair, arsenite would also enhance mutagenesis

of a second (mutagenic) agent.
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One of the unexplained facts about arsenic carcinogenesis is the difficulty in
finding a good animal model, since most attempts to induce tumors by arsenic
compounds in rodents have failed. This might be related to inappropriate dosage or
treatment regimens. Arsenite should be tested as a co-carcinogen. Arsenite-induced
genomic instability might develop gradually. Thus, long term arsenite treatment (in the
drinking water) might be necessary before a significant fraction of cells are affected, and
a second genotoxic carcinogen should then be used. On the other hand, it is possible
that, because rodents cells may have an arsenite-inducible tolerance mechanism not seen
in human cells (Rossman et al., 1997), all rodent carcinogenicity experiments (except
those using extremely toxic, short term exposure) might be doomed to failure. But it's
worth a try.
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Washington, DC
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' COffice of Water
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Chair’s Summary of Panelists’ Comments ........................ R. Julian Preston
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Fundamentals of Carcinogenesis ................ ... ... ... ...... Samuel Cohen
University of Nebraska Medical Center
Omaha, NE

ChargetoPanel ......... ... .. .. R. Julian Rreston

Issue No. I: What Do the Existing Data Tell Us About Arsenic’s Carcinogenic Mode of
Action (MoA)?

QO How does arsenic affect DNA?

Q Are there important determinants other than effects on DNA (e.g., tissue injury)?
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Issues No. I (continued)

Q Is Arsenic carcinogenicity influenced by metabolism?

O What are the possible roles of metabolites?

Q Does the tumor data (both human and animal studies) give clues as to arsenic’'s MoA?

BREAK
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O Is the MoA consistent with generally agreed upon theories of carcinogenesis?
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shape of the dose-response relationship for tumor induction?
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